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Foreword

Microbiology is one of the leading branches of modern biology and is interdisci-

plinary in scope as it interfaces with various basic and applied disciplines of science,

including but not limited to biology, chemistry, physics, agriculture, medicine,

engineering, and environmental/atmospheric sciences. Consequently, the study of

microbiology has been divided into several subspecialties such as agricultural

microbiology, medical microbiology (bacteriology, virology, mycology, and para-

sitology), food/dairy microbiology, soil microbiology, environmental microbiology,

microbial ecology, and microbial biotechnology, among others. The commonality

among these subspecialties is the study of microorganisms, including prokaryotes

(bacteria and viruses), eukaryotes (yeasts, fungi, algae, and protozoa), and archaea,

which essentially requires the use of overlapping basic tools and techniques.

Microorganisms interact with both living beings (plants, animals, and host

microbes) and non-living matter (natural and engineered materials and environ-

ments including soil, water, and air) in useful or harmful associations. Conse-

quently, microorganisms are studied for understanding their role in causing

infections/diseases in humans, animals, and plants as well as for mediating various

industrial/biotechnological and natural processes important for sustaining and

improving life on this planet. Except for an estimated 1% of microbes which

cause disease, microorganisms contribute positively to improve various facets of

human life. Notably, microbes have been harnessed for development of new

products including medicines (such as antibiotics, probiotics, antioxidants, and

herbal products), agro-fertilizers, agro-pesticides, biocides and biocontrol agents,

biosurfactants, bioplastics, specialty chemicals, and fermentation-based products of

brewery and dairy/food industries. In the modern-day economic scenario, under-

standing and manipulation of new genes and proteins dominate the intended role of

microorganisms; however, the cellular environment must be optimized for effi-

ciency, practicability, and production costs in the creation of new products. In other

contexts, addressing of pressing topics in modern microbiology, such as the esca-

lating concerns on antimicrobial resistance and the need for characterization of

microbial communities and microbiomes, requires the understanding of OMICs
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approaches (genomics/metagenomics, proteomics, and metabolomics) for microor-

ganisms, their hosts, and host–microbe interactions.

Historically, human survival and sustainability have depended on the unavoid-

able natural resource for mankind, the plant kingdom. Beneficial interactions

between the plants and microbes have been known to play a crucial role in the

establishment of this resource in a given ecosystem. However, there is incomplete

understanding of the microbial types critical in such symbioses, although those

developing preferentially or exclusively in roots, like rhizospheric and rhizoplane

microbes, and on leaves, such as phyllospheric and phylloplane microbes, must

play a key role.

For the aforementioned reasons, it has become of crucial importance to assemble

the ever-improving and newly emerging methods of modern microbiology in a

comprehensive book (such as this compilation) relevant for immediate use in the

laboratory as well as for pursuing the practical applications of microbiology. The

covered topics essentially include cutting-edge techniques of molecular biology,

immunology, microbiology, and structural biology as applied to modern microbi-

ology; the complexity of the systems involved ranges from individual molecules to

prokaryotic organisms to eukaryotic organisms, with a focus on bacteria, fungi, and

related plant host aspects. Furthermore, this book has been authored by experts

from different subspecialties of modern microbiology to facilitate the extremely

difficult task of compiling the state-of-the-art methods covering diversified topics

of interest to modern microbiologists. The 27 chapters are indeed outstanding

contributions on important topics in the field. The comprehensiveness should

make the volume equally valuable to students, teachers, and enthusiastic

researchers entering or pursuing the field of microbiology, as a “go-to” reference

book as well as a resource to access expert laboratories and scientists in various

specializations. Considering the state-of-the-art nature of the contents, this volume

is expected to be immensely useful for a long time to come.

Overall, this book is an excellent compendium on modern tools and techniques

in the most usable form on the frontline topics in microbiology. I wish to extend my

congratulations and best compliments to the editors of the book for their outstand-

ing efforts in obtaining valuable contributions from a team of global experts. The

book is a timely and cutting-edge compilation on modern aspects of a subject

(microbiology) which has wide-ranging major implications across the globe includ-

ing, but not limited to, the importance for food security worldwide as well as for

ameliorating the socioeconomic condition of communities affected by climate

change at the grass roots of human society.

Department of Environmental Health

Microbial Pathogenesis and

Toxicogenomics Laboratory

University of Cincinnati College of

Medicine

Cincinnati, OH

USA

Jagjit S. Yadav
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Preface

It is our consensus that many new methods and approaches are now available to

gain access to the microorganisms residing in an ecosystem that allow better

assessments of microbial diversity. Species diversity consists of species richness,

the total number of species present, species evenness, and the distribution of

species. Methods to measure microbial diversity in any ecosystem can be catego-

rized into morphological/biochemical (phonetic) and molecular (genetic) based

techniques. Some of the molecular techniques provide characteristics that are useful

to discriminate among communities without providing any information about the

types composing the community, e.g., DNA hybridization, percent G+C, DNA

reassociation, restriction fragment length polymorphism (RFLP), and community-

level physiological profiles (CLPP). A variety of DNA fingerprinting techniques by

employing polymerase chain reaction (PCR) can be used to rapidly differentiate

closely related environmental stain, viz., arbitrarily primed (AP-PCR), repetitive

(REP-PCR), denaturing/temperature-gradient gel electrophoresis (DGGE/TGGE),

terminal-restriction length polymorphism (T-RFLP), amplified ribosomal

DNA-restriction analysis (ARDRA), etc. Researchers argued that measures of

diversity are pointless because the dynamic nature of the microbial world meant

that communities did not have a characteristic diversity but changed as the envi-

ronment changed.

The relationship between structure and function in a community can only be

understood, predicted, and engineered through an understanding of the source of

diversity from which the community is drawn. Based on polyphasic approaches,

prokaryotic taxonomy is generally taken as a synonym of systematics or biosyste-

matics and is traditionally divided into three parts: (i) Classification, i.e., the orderly
arrangement of organisms into taxonomic groups on the basis of similarity;

(ii) Nomenclature, i.e., the labeling of the units defined in (i), and (iii) Identification
of unknown organisms, i.e., the process of determining whether an organism

belongs to one of the units defined in (i) and labeled in (ii).

Species diversity consists of species richness, the total number of species

present, species evenness, and the distribution of species. Methods to measure
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microbial diversity can be categorized into two approaches: biochemical-based

techniques and molecular-based techniques. Typically, diversity studies include

the relative diversities of communities across a gradient of stress, disturbance, or

other biotic or abiotic differences. It is difficult with current techniques to study

diversity since we do not know what is present and we have no way of determining

the accuracy of our extraction or detection methods. An attempt has therefore been

made to reduce the information gathered by diversity studies into discrete, numer-

ical measurements such as diversity indices.

Traditionally, diversity was assessed using selective plating and direct viable

counts. These methods are fast and inexpensive and can provide information on the

active, heterotrophic component of the population. Limitations include the diffi-

culty in dislodging bacteria or spores from soil particles or biofilms, growth

medium selections, growth conditions (temperature, pH, light), inability to culture

a large number of bacterial and fungal species with current techniques, and the

potential for colony–colony inhibition or of colony spread. In addition, plate growth

favors those microorganisms with fast growth rates and those fungi that produce

large number of spores. All of these limitations can influence the apparent diversity

of the microbial community.

A biochemical method that does not rely on culturing of microorganisms is fatty

acid methyl ester (FAME) analysis. This method provides information on the

microbial community composition based on grouping of fatty acids. It has been

used to study microbial community composition and population changes due to

chemical contaminants and agricultural practices. PCR targeting the 16S rDNA has

been used extensively to study prokaryote diversity and allows identification of

prokaryotes as well as the prediction of phylogenetic relationships. These are two

similar methods for studying microbial diversity. These techniques were originally

developed to detect point mutations in DNA sequences. DGGE can separate DNA

with one bp difference, whereas TGGE uses the same principle as DGGE except

that the gradient is temperature rather than chemical denaturant (formamide and

urea). DGGE/TGGE has been used to assess the diversity of bacteria and fungi in

the rhizosphere, caused by changes of nutrient addition and addition of anthropo-

genic chemicals. While the rRNA genes have been the main target of microbial

diversity studies using DGGE, some researchers have targeted catabolic genes,

such as methane monooxygenase for DGGE analysis. Besides above approaches,

there are some other approaches which can be used for the identification of

microbial diversity. Bacterial phylogenetic classification is based on sequence

analysis of the SSU 16S rRNA molecule or its genes. Over 20,000 SSU RNA

gene sequences have now been deposited in specialist r-RNA databases such as the

rRNA Database Project (RDP).

It is important to study microbial diversity not only for basic scientific research

but also to understand the link between diversity and community structure and

function. Although methods to study diversity (numerical, taxonomic, structural)

are improving for both bacteria and fungi, there is still not a clear association

between diversity and function. Even if an organism is functionally redundant in

one function, chances are it is not redundant in all functions and will have different

viii Preface



susceptibilities and tolerances to abiotic and biotic stresses. It is generally thought

that a diverse population of organisms will be more resilient to stress and more

capable of adapting with environmental changes. Methods to understand the link

between structural diversity and functioning of below- and aboveground ecosystem

need to be developed so that the question of how diversity influences function can

be addressed.

This volume has been designed to enumerate microbial community in an eco-

system by using phenetic and genotypic approaches. The volume comprises

26 chapters dealing with the most recent and modern tool, techniques, and protocol.

It was prepared in such a manner that any novice can follow with ease and conduct

the experiment for conclusive results. We are very grateful to contributors for their

great efforts in the compilation of such informative book that will be useful to

researchers and further dissemination of knowledge. Their patience and support is

highly appreciative. The volume editors are thankful to Dr. Jutta Lindenborn and

Dr. Hanna Hensler-Fritton.

Ajit Varma

Arun Kumar Sharma
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Chapter 1

Introduction to Modern Tools

and Techniques to Understand Microbes

Pankaj Goyal, Diksha Bhola, and Ajit Varma

Abstract Microorganisms are omnipresent in the nature and having both positive

and negative effects on various aspects of human life and society. To study their

impact on environment and other associated fields, it is crucial to be able to

cultivate the microbes under laboratory conditions and to detect and identify

them quickly and accurately. However, difficulties in cultivating most of the

microbes by standard traditional methods such as plate count, filteration, etc.,

limit our ability to study these tiny organisms. To enhance the microbial studies

effectively particularly for microbes which are viable but non-culturable (VBNC),

several modern approaches such as molecular methods are proving to be appreci-

ated. The most appreciable modern molecular methods which are used to detect and

identify organisms include rRNA or rDNA fingerprinting, probing, and sequencing.

1.1 Introduction

Microorganisms are integral part of human life and various aspects of daily needs.

Although these organisms are very tiny in size, however, their impact on society is

very large, and they play very crucial role in both positive and negative effects.

Although these tiny organisms are ubiquitous in nature, major sources are water,

soil, and air from where they spread almost everywhere. Our little knowledge to

study microbes in natural environments does not fulfill the requirement, because of

the fact that studying microbial diversity in nature is not an easy assignment.

Traditionally used culturing techniques do not give rise to much information as

required in the current scenario of the microbial world. Microbes exist in very high

numbers in natural environment; however, several thousands of microbial species

have not yet been characterized so far because of lack of proper and modernized

tools and techniques to understand these microbes.
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The conventional methods for detecting and identifying bacteria from different

types of samples are based on culturing, enumeration, and isolation of presumptive

colonies for further identification analysis. Microscopy and culture techniques have

been used widely today; however, they provide a limited view of the microbial

world. Many microbes look similar under a microscope, and many will not grow

outside of their natural environments. Due to the limited availability of modernized

tools, only less than 1 % of all microbial species have been identified so far. This

raised a million dollar question regarding these viable but non-culturable microbes

(VBNC), i.e., How many are there? Who are they? And what are they doing? Thus,

early microbiologists were only able to study a small number of microbes—those

that grew in the laboratory (Kell et al. 1998). Microbes usually adapt to almost all

the different environments that exist on the earth from normal to extreme environ-

ment like polar or desert region as well. And they are able to perform various

functions including decomposing the chemical components made by other living

organisms. Here comes the fact to address some important conclusions of studying

bacteria in their natural environment and further to know their functions as well as

the qualitative variations in different types of commodities. In order to understand

the exact microbial phenomenon, there is a need to answer these questions and to

pursue further studies on basic knowledge regarding the community structure.

Modern tools and techniques including molecular analysis are helping scientists

to answer some of these questions, and of course, these will be beneficial for the

society in order to reveal novel biochemicals useful to humans as medicines,

biofuels, and many more.

1.2 Motives for Studying Microbial Diversity

Different hypothesis suggests that culturable bacteria represent only a minor frac-

tion of the total bacterial population present; however, a large amount of genetic

information is yet to be discovered because of the VBNC nature of microbes

present in natural environment (Giovannoni et al. 1990). It is also important to

continue the research both on the culturable and the VBNC microbes by utilizing

modern tools and techniques so that their hidden properties could be revealed. It

will also give a glimpse about the extant and extinct microbes because of the fact

that there is no consensus on how many species exist in the world, the potential

usefulness of most of them, or the rate at which they are disappearing or emerging

(Fakruddin and Mannan 2013).

Studying microbial diversity is also essential because of the following facts:

• To increase the knowledge of the diversity of genetic resources

• To understand the distribution of organisms

• To obtain the knowledge of the functional role of microbial diversity

• To understand the regulation of biodiversity

• To understand the magnitudes of biodiversity

2 P. Goyal et al.



1.2.1 Factors Affecting Microbial Diversity (Zhao et al.
2012)

Majorly two groups:

1.2.1.1 Abiotic Factors

Abiotic factors include both physical and chemical factors such as water availabil-

ity, salinity, oxic/anoxic conditions, temperature, pH, pressure, chemical pollution,

heavy metals, pesticides, antibiotics, etc.

1.2.1.2 Biotic Factors

Biotic factors include plasmids, phages, transposons, etc., that influence genetic

properties and phenotypes of their host.

1.3 Tools and Techniques to Understand Microbes

Prokaryotic organisms are classified on the basis of various characteristics such as

morphological characteristics, viz., cell shape, cell wall, movement, flagella, Gram

staining, etc.; however, these systems may not be adequate for establishing a

detailed classification of microbes. Recent advances in molecular biology have

provided a promising alternative in estimating microbial diversity without having to

isolate the organisms (Giovannoni et al. 1990).

1.4 Traditional Methods

Traditional methods including biochemical analysis and multivariate data analyses

are having high significance to study the microbes along with their physiological

diversity. Traditional culture methods are time-consuming and laborious; however,

the isolation and purification of microorganisms allow for further subtyping anal-

ysis and for storage in culture collections. The more conventional methods for

further subtyping of bacteria include the study of the phenotypic characteristics of

the microorganisms. In order to distinguish between different types of microbes,

early microbiologists studied metabolic properties such as utilization of different

carbon, nitrogen, and energy sources in addition to their requirements for growth

factors. These phenotypic methods include biotyping, serotyping, and phage typing

(Arbeit 1995). In biotyping, the biochemical growth requirements, environmental

1 Introduction to Modern Tools and Techniques to Understand Microbes 3



conditions (pH, temperature, antibiotic resistance, bacteriocins susceptibility), and

physiological (colony and cell morphology, cell wall composition by microscopy,

and membrane composition such as by fatty acid analysis) aspects of bacteria

(Vanda me et al. 1996) are investigated, while serological and phage typing

(Towner and Cockayne 1993) concentrate more on the surface structure differences

of bacteria. Phages are also very useful in subtyping of bacterial species from

different types of samples (Hagens and Loessner 2007; Kretzer et al. 2007). The

following methods are prominently used to study microbes under in vitro

conditions.

1.4.1 Total Microbial Plate Counts

This is the most traditional method for assessment of microbial diversity by both

selective and differential plating and subsequent viable counting. Being fast and

inexpensive, these methods provide information about active and culturable het-

erotrophic segment of the microbial population. These methods select microorgan-

isms with faster growth rate and fungi producing large number of spores. There are

several factors that limit the use of these methods such as difficulties in dislodging

bacteria or spores from soil particles or biofilms, selecting suitable growth media,

provision of specific growth conditions (temperature, pH, light), inability to culture

a large number of bacterial and fungal species using techniques available at present,

and the potential for inhibition or spreading of colonies other than that of interest.

Further, these methods cannot reflect the total diversity of microbial community

(Tabacchioni et al. 2000).

1.4.2 Sole-Carbon-Source Utilization

Sole-carbon-source utilization (SCSU) is also known as community-level physio-

logical profiling (CLPP) system (Garland and Mills 1991) and was initially devel-

oped to identify pure cultures of bacteria to the species level, based upon their

metabolic characteristics. This method gives a significant approach to study both

functional and taxonomic perspectives for future research on microbial communi-

ties from contaminated sites, plant rhizospheres, arctic soils, soil treated with

herbicides, etc., SCSU has an advantage in its ability to differentiate between

microbial communities, relative ease of use, reproducibility, and production of

large amount of data describing metabolic characteristics of the communities.

However, this method can detect only culturable and slow-growing microbes.

4 P. Goyal et al.



1.4.3 Phospholipid Fatty Acid Analysis

This method is also known as the fatty acid methyl ester (FAME) analysis. Fatty

acid composition (mainly C2–C24) has been used significantly to characterize

microorganism(s) (Banowetz et al. 2006). The fatty acid composition is compara-

tively stable and is independent of plasmids, mutations, or any sort of damaged

cells. The method is inexpensive, quantitative, and robust and has high reproduc-

ibility. However, bacterial growth conditions are sometimes reflected in the fatty

acid pattern. It is also not possible to detect individual strains or species of

microorganisms, but changes in the overall compositions of the community can

be detected. Furthermore, cellular fatty acid composition can be influenced by

temperature and nutrition, and individual fatty acids cannot be used to represent

specific species because individuals can have numerous fatty acids, and the same

fatty acids can occur in more than one species.

1.4.4 Light Microscopy

A variety of light microscopes are employed by biologists to analyze organisms

throughout. Depending upon their application, different types of light microscopy

are used to study samples. The most commonly used light microscopes are the

bright field, dark field, fluorescent, and confocal microscopes.

1.4.4.1 Bright Field Microscope

A bright field microscope is also called as a compound microscope and consists of a

supporting system which includes a base, body, and stage, illuminating system of a

concave mirror along with a condenser and a magnifying system having optical

lenses. The specimen to be examined appears dark in contrast to a brightly illumi-

nated microscopic field. Thus, it is called the bright field microscope (Fig. 1.2a).

The magnification power of these microscope ranges between 1000� and 2000�
(Pelczar et al. 1998). However, resolving power is the basis limitation of a bright

field microscope.

1.4.4.2 Dark Field Microscope

In contrast to a light field microscope, the dark field microscope provides an image

of a brightly illuminated sample against a dark background (Pelczar et al. 1998).

Dark field microscope is used under circumstances where an unstained section or a

living sample is to be examined. This type of microscope has a special condenser

that only allows the transmission of a hollow cone of light (Fig. 1.1).The light
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transmitted does not fall on the objective piece, thus giving a dark background.

However, the living samples diffract some of the rays of light which leads to these

samples appearing bright against a dark background.

1.4.4.3 Fluorescence Microscope

The ability of certain substances to emit light of higher wavelength when exposed

to ultraviolet or blue–violet light is called as fluorescence. Further, these substances

are known as fluorochromes (Prescott et al. 2005). In fluorescence microscopy, the

samples to be studied are stained with fluorochromes and illuminated with violet

and ultraviolet light. The fluorescent light emitted by the sample is perceived by the

eye and the sample appears bright green against a dark background. A specialized

filter is present after the objective lens; it eradicates any residual UV light present

which might be harmful to the eyes of the viewer. It also eliminates blue or violet

light which may reduce the contrast of the image (Fig. 1.2c).

The most commonly used dyes for staining in fluorescent microscopes are

auramine, acridine orange, berberine sulfate, primuline, thioflavines, trypaflavine,
morin, rhodamine, etc. Fluorescent microscope is an indispensable instrument for

study in the field of medical microbiology as well as microbial ecology. With the

help of fluorescent microscope, microorganisms can be easily viewed and counted

directly while keeping the ecological niche relatively undisturbed.

1.4.4.4 Phase Contrast Microscope

This kind of microscopy was first developed in 1953 by Frederick Zernike, thus

called as Zernike microscope. These microscopes are extensively used in applied

and theoretical biology studies such as studying unstained living cells and their

internal structures, determining microbial motility, and detecting endospores,

annular stop
condenser lens

specimen

objective lens
ocular lens

Fig. 1.1 Ray diagram for dark field microscope (source: www.gonda.uda.edu)

6 P. Goyal et al.

http://www.gonda.uda.edu


inclusion bodies, etc.; this microscope is based on the principle that even a slight

change in refractive index of the material causes the light passing through it to

undergo a phase change (Zernike 1942). These different phases of the light passed

from a contrasting image and thus help in studying the internal structure of an

unstained sample (Fig. 1.2b). The phase contrast microscope operates on a special

system consisting of phase condenser and objective. This system enables the study

of an unstained living structure based only on their thickness or change in refractive

index. The ability to study differences in the internal structure of a cell is the

advantage phase contrast microscope has over other microscopic methods.

1.4.4.5 Differential Interference Contrast Microscope

DIC or the stereo microscope produces an image analyzing the differences in

thickness and refractive indices of the sample as in case of phase contrast micro-

scope (Prescott et al. 2005). However, in this microscope, two beams of polarized

light which are at right angles to each other are used. The two beams interfere and

combine to give a three-dimensional image of the sample (Fig. 1.2d). Using

differential interference contrast microscope, unstained living specimens such as

Fig. 1.2 Microscopic view of E. coli (a) bright field microscope (source: www.rpgroup.caltech.

edu), (b) phase contrast microscope (source: physweb.bgu.ac.il), (c) fluorescent microscope

(source: www.nrc-cnrc.gc.ca), (d) differential interference contrast microscope (source: www.

lookfordiagnosis.com), (e) confocal microscope (source: commons.wikimedia.org)
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nuclei, granules, cell walls, vacuoles, and endospore can be clearly viewed in

brightly colored three-dimensional images.

1.4.4.6 Confocal Microscope

As the interest in studying processes occurring at cell level increased, there also

increased the need for a sophisticated technology that would facilitate in vivo

studies. Thus, in 1957, Marvin Minsky produced a confocal microscope. All the

modern microscopes are based on the principle implied by him (Minsky 1988). All

the biological samples are three-dimensional, and confocal microscopes effectively

study these samples as compared to the traditional microscopes which form hazy

images of these samples. Laser beam is used by the confocal microscope to

illuminate a fluorescently stained sample. In confocal microscope, an aperture

above the objective lens eliminates stray light from the parts of the specimen

which are not in the plane of focus thus creating a sharper image. The information

produced from each plane of the specimen is perceived by the computer attached to

the microscope. This information is used by the computer to form a detailed three-

dimensional image of the specimen (Fig. 1.2e). Thus, this highly sophisticated and

modern tool has varied applications which include morphological studies. The wide

range of applications include morphological studies of varied cells and tissues,

neuroanatomy and neurophysiology studies, analysis of fluorescent proteins, photo-

bleaching studies, research in stem cell, DNA hybridization analysis, multiphoton

microscopy, and many more. This microscope is also highly competent in the study

of biofilms.

1.4.5 Electron Microscopy

Light microscopes have been used for decades to study microorganisms. However,

even the most sophisticated light microscopes have about 0.2 μm resolution limit.

This greatly reduces their effectiveness in studying many microorganisms. These

limitations lead to the development of electron microscope. Electron microscopes

have much higher resolution attributing to use of a beam of electrons rather than a

beam of light.

1.4.5.1 Transmission Electron Microscope

In TEM, a beam of electron interacts and passes through a specimen. Electrons

which have much shorter wavelength in comparison to ordinary light provide

thousand times greater magnification than light microscope (Voutou and Stefanaki

2008). A tungsten filament acts as electron source. The electrons emitted by it are

focused and magnified via a system of magnetic lenses. This electron beam passes

8 P. Goyal et al.



through the condenser aperture and falls on the sample. Some of the electrons are

scattered by the sample; others that pass through it are used to form an image on a

fluorescent screen. Denser region of the sample scatters more electrons and appears

dark in comparison to lighter region. The image produced can be seizure digitally or

using photographic sheet (Fig. 1.3b). In TEM the sample must be analyzed under

vacuum conditions as the electrons get deflated by air molecules. This feature

restricts TEM and only extremely thin sample can be viewed. Further, the speci-

mens are prepared for analysis using specialized techniques such as mechanical

thinning, ion thinning, negative staining (Woeste and Demchick 1991), and

shadowing. Freeze-etching is another technique used in TEM to study three-

dimensional intracellular structure of a sample. It is quintessential for various

studies in the field of life science, forensic analysis, nanotechnology, gemology,

and metallurgy.

1.4.5.2 Scanning Electron Microscope

SEM functions in a manner which is different from the TEM. In scanning electron

microscope, the image is produced when atoms on the surface of the specimen

release electrons after receiving a beam of electrons (Voutou and Stefanaki 2008).

This narrow beam of electrons is passed throughout the specimen. The secondary

electrons released by atoms on the surface are perceived by a detector. In the

detector, electrons strike a scintillator producing an electric signal. This is further

transferred to a cathode ray tube where an image similar to a television picture is

produced. The scanning electron microscope generates a three-dimensional image

of the surface of a microorganism (Fig. 1.3a). When the beam of electron falls on

the raised area of the specimen, secondary electrons in large number are emitted.

However, less number of electrons are emitted when electron beam falls on a

depression in the surface. Thus, the raised areas appear to be light and depression

appears to be darker on the screen. It is useful in the surface studies of various

Fig. 1.3 Microscopic view of E.coli (a) scanning electron microscope (source: schaechter.

asmblog.org), (b) transmission electron microscope (source: www.oulu.fi)
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microbes. It can be effectively used to study location of microorganisms in their

various ecological niches. However, SEM provides limited information about

crystallography and resolution.

1.4.5.3 Scanning Probe Microscopy

This microscope was developed by Gerd Binnig and Heinrich Rohrer, who shared

the Noble Prize for their work in 1986. This microscope is one of the most powerful

modern microscopes developed in recent times. This microscope analyzes the

surface of the specimen by moving a needle thin probe over the surface. By this,

it achieves a maximum magnification of hundred million. When a minute voltage is

applied between the tip of the probe and the specimen, electrons move along a

narrow channel resulting in a tunneling current. The movement of the probe on the

surface of the specimen is detected and analyzed digitally to produce a precise

three-dimensional image of the specimen. Since the microscope can analyze spec-

imens immersed in water, scanning probe microscope is extensively used in

studying biological molecules (Prescott et al. 2005).

1.5 Identification of Microbes

1.5.1 Simple Staining

Microorganisms can be readily stained using single dyes. This simple and easy-to-

perform procedure is known as simple staining. The specimens are stained for a

prefixed time using basic stains such as methylene blue and crystal violet. The

excess stain is washed-off and the specimen is studied under the microscope.

Simple staining gives us an idea about the arrangement pattern, shape, and size of

the bacteria.

1.5.2 Differential Staining

Differential staining is the staining technique where microorganisms are demar-

cated on the basis of their staining properties (Prescott et al. 2005).
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1.5.3 Gram Staining

Gram stain was developed by Christian Gram in 1884. It is the most extensively

used method of staining in bacteriology. The procedure of Gram staining starts with

staining the bacterial smear with crystal violet. Further, iodine solution is added

which enhances the retention of dye by the cells. After this, ethanol is added to the

smear for decolorization. This is the differentiating step of Gram staining. Finally,

the smear is counterstained with safranin. The Gram-negative bacteria appear

(Fig. 1.4a) pink to red, whereas the Gram-positive bacteria appear purple

(Fig. 1.4b).

1.5.4 Acid-Fast Staining

This is another type of differential stain that is used for the identification of acid-fast

organisms such as Mycobacteria. Certain organisms like Mycobacteria are not

easily stained due to high content of lipid particularly mycolic acid in the cell

wall. The length of carbon chain present in the mycolic acid of any particular

species determines the acid fastness property of that species (Lyon 1991). Thus,

harsh treatments, i.e., a mixture of fuchsin and phenol along with heating, are

employed. The cells are primarily stained by fuchsin and phenol along with heating.

These cells are then decolorized by acid–alcohol and counterstained using methy-

lene blue. The acid-fast cells remain red as they do not decolorize, whereas the

nonacid-fast cells decolorize, take up methylene blue, and appear blue. This method

Fig. 1.4 Gram staining (source: water.me.vccs.edu) (a) Gram-negative bacteria (b) Gram-

positive bacteria
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is specifically applied to identifyMycobacterium tuberculosis (Fig. 1.5a) as well as
Mycobacterium leprae.

1.5.5 Endospore Staining

Endospores are the resting structures characteristic of some bacterial genera. These

are produced under unfavorable conditions and have high resistance against dam-

age. Thus, it is difficult to stain them, but once stained they do not decolorize easily.

Due to the tough nature of endospore, heat is used in facilitating staining of

endospores by dyes. One of the examples is Schaeffer–Fulton method of endospore

staining. In this procedure, endospores are first stained using malachite green along

with heating. After this, the cells are rinsed with water and counterstained using

safranin. This procedure gives red to pink cells containing green colored endo-

spores (Fig. 1.5b).

1.5.6 Negative Staining

Negative staining is a technique where the background is stained whereas the

specimen does not take up stain. The bacteria are stained with nigrosin dye or

India ink and air-dried (Prescott et al. 2005). The bacteria appear light against

darkly stained background (Fig. 1.6b). This technique is readily used to study the

presence of capsules which surround the bacteria. Also negative staining can be

used to study aqueous lipids such as lamellar liposomes (YashRoy 1990).

Fig. 1.5 Staining techniques (a) acid-fast stain of Mycobacterium tuberculosis (source: library.
med.utah.edu), (b) endospore staining, Bacilli endospores stained green, and vegetative cells

stained red (source: www.studyblue.com)
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1.5.7 Flagella Staining

Flagella are locomotory structures present in organisms and can only be viewed by

electron microscope (Prescott et al. 2005). In order to observe them under light

microscope, the flagella are coated with mordants such as tannic acid and potassium

alum and further stained. The flagella can be stained by gray method involving

basic fuchsin (Gray 1926) or by Leifson method which uses pararosaniline

(Fig. 1.6a) (Leifson 1930). Since flagella are characteristic feature of the organism,

staining methods produce valuable taxonomic information.

However, these phenotypic typing methods are limited since microorganisms are

capable of suddenly altering their phenotypic characteristics due to environmental

changes or genetic mutations. Therefore, identification by genotypic characteristics

has been developed to avoid these problems that can occur with phenotypic

methods.

1.6 Modern Molecular Methods

Conventional methods for microbial characterization as described earlier are

mainly based on analysis of the culturable microorganisms. However, due to the

presence of viable but non-culturable (VBNC) nature of major portion of bacteria

from natural communities, the interpretation of overall structure of the community

Fig. 1.6 Staining techniques (a) flagella staining, Bacillus cereus stained with Leifson stain

(source: clinical-laboratory.blogspot.com) (b) negative staining, intestinal bacterium, and bacte-

riophages of a bush dog with enteritis (source: www.izw-berlin.de)
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is very problematic (Dokic et al. 2010). Modern methods including molecular and

phylogenetic aspects to characterize microbial diversity are based on genetic

diversity and do not require cultivation. Molecular methods used to describe

microbes include DNA–DNA and RNA–DNA hybridization, DNA cloning and

sequencing, and other PCR-based methods such as denaturing gradient gel electro-

phoresis (DGGE), temperature gradient gel electrophoresis (TGGE), ribosomal

intergenic spacer analysis (RISA), and automated ribosomal intergenic spacer

analysis (ARISA).

1.6.1 Polymerase Chain Reaction

Polymerase chain reaction (PCR) (Saiki et al. 1985) is the amplification of a nucleic

acid target sequence. The targeted sequences can be a specific gene, repetitive areas

in the sequence, or arbitrary sequences. 16S rRNA gene is a favorable PCR

amplification target by universal or species–strain-specific primers for identifica-

tion and phylogenic purposes since it is universally distributed among bacteria, and

it contains enough variations among strains and species within the DNA sequence.

SYBER Green I and SYBER Gold are nonspecific dyes that bind to the double-

stranded DNA of the PCR product (Glynn et al. 2006). Only fluorescent probes

labeled with different reporter dyes can be used to detect multiple amplicons within

the same reaction mixture, while double-stranded DNA dyes are limited to a single

product per reaction. PCR-based techniques have also been developed for screening

of genetically modified organisms and their derived materials (Holst-Jensen et al.

2003). Post-PCR detection methods vary from gel electrophoresis, hybridization

analysis, and usage of specific nucleic acid probes.

Depending upon the type of samples, different variations of PCR have been

developed in order to fulfill simultaneous detection of multiple bacteria, quantifi-

cation, and differentiation of viable bacterial cells. Multiplex PCR systems have

been developed for differentiation of multiple species belonging to single genera

and for differentiation of mixed bacterial pathogens (Touron et al. 2005). Conven-

tional PCR is not able to indicate if the bacterial cells are viable or dead, and

therefore reverse transcriptase PCR was developed for the specifically detecting

viable cells. This method is based on the reverse transcriptase enzyme that is able to

use messenger RNA as a template for synthesizing single-stranded DNA in the 50 to
30 direction (Rodrı́guez-Lázaro et al. 2007). The technique is sensitive and do not

require pre-enrichment steps, which decreases the time of analysis. Another advan-

tage of the reverse transcriptase PCR is the detection of VNC cells that are not

detected with culturing. Quantitative PCR (Monis and Giglio 2006) is based on the

monitoring of formation of PCR product simultaneously as the reaction occurs by

using fluorescent probes or dyes that are sequence specific or nonspecific. PCR

protocols need to be synchronized between laboratories, so that the PCR results are

reliable and reproducible when performed in different locations or times. However,

this is significant by several aspects including quality of the DNA template,
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humidity, chemical and microbiological cleanliness, temperature, equipment, per-

sonal practice, and the reaction conditions and the reaction materials (Malorny et al.

2003). Some samples may contain substances that can degrade the target nucleic

acid sequence or inhibit the enzyme activity in the PCR, which can give false-

negative results (Glynn et al. 2006).

1.6.2 Mole% GþC

This is the first most molecular method used as a tool to characterize microbes

particularly for taxonomic purpose. Mol% GþC can be determined by thermal

denaturation of DNA. This value ranges from 25 to 75 % depending upon the

species of bacteria and is constant for a particular organism. It has been estimated

that closely related organisms have almost similar mole% GþC profiles, and

taxonomically related groups only differ between 3 and 5 %. This method is

quantitative and not influenced by PCR biases and includes all DNA extracted.

However, similar base composition is not a confirmation of relationship. If there is a

difference in base composition, this is a worthy evidence of missing relationship.

Moreover, it requires comparatively larger quantities of DNA (Clegg et al. 2000).

1.6.3 DNA Reassociation

This method and its kinetics imitate the variability of sequences by measuring the

genetic complexity leading to diversity of microbes present in the environment

(Torsvik et al. 1996). During this method, total DNA is extracted from environ-

mental samples and further purified, denatured, and allowed to reanneal. The rate of

hybridization or reassociation will depend on the similarity of sequences present.

As the complexity or diversity of DNA sequences increases, the rate at which DNA

reassociates will decrease (Theron and Cloete 2000). This method is influenced by

several factors such as concentration of DNA product (Co) and time of incubation

(t), usually described as the half association value, Cot1/2 (the time needed for half

of the DNA to reassociate).

1.6.4 Nucleic Acid Hybridization

Hybridization method such as dot blot method is an important tool used in molec-

ular bacteriology for both qualitative and quantitative analysis of DNA or RNA by

using specific oligonucleotide probes which are designed from known sequences

ranging in specificity from domain to species and are tagged with markers at the

50-end (Goris et al. 2007). One of the most popular DNA hybridization methods is
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FISH (fluorescent in situ hybridization). By using this method, spatial distribution

of microbial communities in different environments such as biofilms can be deter-

mined. However, lack of sensitivity of hybridization of nucleic acids extracted

directly from environmental samples is the most notable limitation of this method

because of the fact that if sequences are not present in high copy number as in the

case of dominant species, probability of detection is comparatively low.

1.6.5 Restriction Fragment Length Polymorphism

Restriction fragment length polymorphism (RFLP) relies on DNA polymorphisms

and is proved to be a useful tool to study different microbial communities (Moyer

et al. 1996). It is a simple and powerful tool for the identification of bacterial strains

at and below species level and also for detecting structural changes in microbial

communities. In this method, electrophoresed digests are blotted from agarose gels

onto nitrocellulose or nylon membranes and hybridized with appropriate probes

prepared from cloned DNA segments of related organisms. This method has been

found to be very useful particularly in combination with DNA–DNA hybridization

and enzyme electrophoresis for the differentiation of closely related strains and also

during determination of intraspecies variation. However, it is to be noted that a

similar banding pattern does not necessarily indicate a very close relationship

between the organisms compared.

1.6.6 Terminal Restriction Fragment Length Polymorphism

This technique is an extension of the RFLP and overcomes some of its limitation. It

provides an alternate method for rapid analysis of microbial community diversity in

various environments (Thies 2007). This method has the same principle as RFLP

except that one PCR primer is labeled with a fluorescent dye, such as TET (4, 7, 20,
70-tetrachloro-6-carboxyfluorescein) or 6-FAM (phosphoramidite fluorochrome

5-carboxyfluorescein). PCR is performed on sample DNA using universal l6S

rDNA primers, one of which is fluorescently labeled. Fluorescently labeled termi-

nal RFLP (FLT-RFLP) patterns can then be created by digestion of labeled

amplicons using restriction enzymes. Fragments are then separated by gel electro-

phoresis using an automated sequence analyzer. Each unique fragment length can

be counted as an operational taxonomic unit (OTU), and the frequency of each OTU

can be calculated. The banding pattern can be used to measure species richness and

evenness as well as similarities between samples.

However, this method may underestimate true diversity because only numeri-

cally dominant species are detected due to the large quantity of available template

DNA (Liu et al. 1997). Incomplete digestion by restriction enzymes could also lead

to an overestimation of diversity (Osborn et al. 2000). It has also been observed that
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none of the presently available universal primers can amplify all sequences from

eukaryote, bacterial, and archaeal domains. Additionally, these primers are based

on existing 16S rRNA, 18S rRNA, or internal transcribed spacer (ITS) databases,

which until recently contained mainly sequences from culturable microorganisms

and therefore may not be representative of the true microbial diversity in a sample

(Rudi et al. 2007). In addition, different enzymes will produce different community

fingerprints. T-RFLP has also been thought to be an excellent tool to compare the

relationship between different samples (Dunbar et al. 2000). T-RFLP has been used

to measure spatial and temporal changes in bacterial communities (Lukow et al.

2000), to study complex bacterial communities (Moeseneder et al. 1999), to detect

and monitor populations (Tiedje et al. 1999), and to assess the diversity of

arbuscular mycorrhizal fungi (AMF) in the rhizosphere of Viola calaminaria in a

metal-contaminated soil (Tonin et al. 2001).

1.6.7 Ribosomal Intergenic Spacer Analysis/Automated
Ribosomal Intergenic Spacer Analysis/Amplified
Ribosomal DNA Restriction Analysis

These methods are similar in principle to RFLP and T-RFLP and provide

ribosomal-based fingerprinting of the microbial community. In RISA and ARISA,

the intergenic spacer (IGS) region between the 16S and 23S ribosomal subunits is

amplified by PCR, denatured and separated on a polyacrylamide gel under dena-

turing conditions. This region may encode tRNAs and is useful for differentiating

between bacterial strains and closely related species because of heterogeneity of the

IGS length and sequence. Sequence polymorphisms are detected by silver staining

during this method. In ARISA, fluorescently labeled forward primer is detected

automatically. Both RISA and ARISA method can deduce highly reproducible

bacterial community profiles. Limitations of RISA include requirement of large

quantities of DNA, relatively longer time requirement, insensitivity of silver

staining in some cases, and low resolution (Fisher and Triplett 1999). ARISA has

increased sensitivity than RISA and is less time-consuming, but traditional limita-

tions of PCR also apply for ARISA (Fisher and Triplett 1999). RISA has been used

to compare microbial diversity in soil, in the rhizosphere of plants (Borneman and

Triplett 1997).

1.7 DNA Microarrays

This method is highly valuable for carrying out bacterial studies with high speci-

ficity because of the fact that a single array can contain thousands of DNA

sequences (De Santis et al. 2007). Specific target genes coding for enzymes such
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as nitrogenase, nitrate reductase, naphthalene dioxygenase, etc., can be used in

microarray to elucidate functional diversity information of a community. The

sample of environmental “standards” (DNA fragments with less than 70 % hybrid-

ization) representing different species likely to be found in any environment can

also be used in microarray (Greene and Voordouw 2003). Reverse sample genome

probing (RSGP) is the alternative method which uses genome microarrays to

analyze microbial community composition of the most dominant culturable species

in an environment as follows:

(a) Isolation of genomic DNA from pure cultures

(b) Cross-hybridization testing to obtain DNA fragments with less than 70 % cross-

hybridization (DNA fragments with greater than 70 % cross-hybridization are

considered to be of the same species)

(c) Preparation of genome arrays onto a solid support

(d) Random labeling of a defined mixture of total community DNA and internal

standard

These methods may have thousands of target gene sequences but only detects the

most abundant species. Furthermore, the bacterial species need to be cultured, but

in principle cloned DNA fragments of unculturables could also be used. To avoid

the cross-hybridization, enriched cultures should be used. It has also been observed

experimentally that using genes or DNA fragments instead of genomes on the

microarray offers the advantages of eliminating the need to keep cultures of live

organisms, as genes can be cloned into plasmids or PCR can continuously be used

to amplify the DNA fragments (Gentry et al. 2006). In addition, fragments would

increase the specificity of hybridization over the use of genomes, and functional

genes in the community could be assessed (Greene and Voordouw 2003).

1.8 Denaturant Gradient Gel Electrophoresis/

Temperature Gradient Gel Electrophoresis

In DGGE or TGGE, DNA fragments of the same length but with different base-pair

sequences can be separated. DNA is extracted from natural samples and amplified

using PCR with universal primers targeting part of the 16S or 18S rRNA sequences.

The separation is based on the difference in mobility of partially melted DNA

molecules in acrylamide gels containing a linear gradient of DNA denaturants (such

as urea and formamide). Sequence variation within the DNA fragments causes a

difference in melting behavior and hence in separation in denaturing gradient gels.

The melting of the products occurs in different melting domains, which are

stretches of nucleotides with identical melting temperatures (Muhling et al.

2008). Sequence variations in different fragments will terminate migration at

different positions in the gel according to the concentration of the denaturant.
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Theoretically, DNA sequences having a difference in only one base-pair can be

separated by DGGE (Miller et al. 1999).

TGGE employs the same principle as DGGE with only difference is that

gradient is temperature rather than chemical denaturants. Both methods are reliable,

reproducible, rapid, and not much expensive. Multiple samples can be analyzed

simultaneously, and tracking changes in microbial population in response to any

stimuli or adversity is also possible by these methods. However, PCR biases,

laborious sample handling, and variable DNA extraction efficiency are some of

the limitations.

1.9 Single Strand Conformation Polymorphism

Single-strand conformation polymorphism (SSCP) relies on electrophoretic sepa-

ration based on differences in DNA sequences and allows differentiation of DNA

molecules having the same length but different nucleotide sequences and was

originally developed to detect known or novel polymorphisms or point mutations

in DNA (Peters et al. 2000). During this method, single-stranded DNA separation

on polyacrylamide gel occurs due to differences in mobility resulting from their

folded secondary structure, i.e., heteroduplex. This method reproduces an insight of

the genetic diversity in a microbial community. However, some ss-DNA can exist

in more than one stable conformation, and as a result, the same DNA sequence can

produce multiple bands on the gel (Tiedje et al. 1999). However, it does not require

a GC clamp or the construction of gradient gels and has been used to study bacterial

or fungal community diversity, rhizosphere communities (Stach et al. 2001), and

AMF species in roots (Kjoller and Rosendahl 2000).

1.10 Next-Generation Sequencing

Next-generation sequencing (NGS) methods that involve high-throughput sequenc-

ing such as pyrosequencing and illumina-based sequencing are modern tools with

the possibility to discover new groups of microorganism(s) in complex environ-

mental systems without cultivating them, and these real-time sequencing tech-

niques are shedding light into the complexities of microbial populations

significantly (Bartram et al. 2011). By using this method, highly complex

microbiota compositions can be revealed with greater accuracy, and it is also

possible to link microbial community diversity with niche function. It and can

effectively provide deep insights into complex microbial communities in ecological

niches (Fakruddin and Mannan 2013). Pyrosequencing is developed by Roche

454 Life Science, which can generate a huge amount of DNA reads. Recently, it

has been successfully applied to study complex microbial environments such as the

human gastrointestinal tract, soil, wastewater, and marine sediments. Besides
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eliminating the use of cloning vectors and library construction, and their associated

biases, NGS can also read through secondary structures and produce vast amount of

sequences of up to 100 Mb per run (Royo et al. 2007). Furthermore, various

bioinformatics tools such as the Newbler Assembler and RDP Pyrosequencing

Pipeline have used to process and analyze NGS raw data in silico to rapidly

determine the complex microbial composition and structure in environmental

samples (Van den Bogert et al. 2011).

1.11 Metagenomics

It is defined as the functional and sequence-based analysis of the collective micro-

bial genomes that are contained in an environmental sample (Zeyaullah et al. 2009).

The collective genome, i.e., metagenome or microbiome of coexisting microbes, is

randomly sampled from the environment and subsequently sequenced (Ghazanfar

et al. 2010). Metagenomics give an illustrative view of the genetic diversity, species

composition, evolution, and interactions with the environment of natural microbial

communities (Simon and Daniel 2011).
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Chapter 2

Novel Approaches to Identify

and Characterise Microorganisms in Food

Industry

Gamze Nur Kara, Mustafa Guzel, and Bulent Kabak

Abstract As far as food industries are concerned, two utmost important and

determining aspects are safety and quality; therefore, it is highly important to

detect, identify, characterise and quantify microorganisms in foodstuffs with

greater accuracy. Modern technologies such as culture-independent molecular

methods have solved existing problems associated with traditional culturing tech-

niques. However, each molecular technique offers some advantages and limita-

tions, and it is not an easy approach to choose appropriate molecular method that

may depend on the objective studies and several variables such as time to obtain

results, cost, reproducibility, etc. Studies on the development and optimisation of

molecular techniques are of great importance in the detection of biological hazards

in foodstuffs.

2.1 Introduction

Food products can be contaminated with food-spoilage microorganisms and food

pathogens at various stages in the food chain. Microorganisms can be present in raw

products (agricultural or animal) prior to harvesting, or they may contaminate

during slaughter or processing, by the addition of contaminated food ingredients

or processing aids, from the factory environment or by cross-contamination from

other contaminated foods or from food handlers. Food-spoilage microorganisms

such as bacteria and fungi (yeast and mould) spoil food by growing in it and

producing substances that change the physical and chemical properties of the

food, including colour, texture and odour of the food (Ceuppens et al. 2014).

Food-borne pathogens can enter the body by consuming contaminated foodstuffs

or drinking water and/or through contact with infected animals and cause various
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diseases in humans, from mild symptoms to long-lasting disability and death. Food-

borne zoonotic diseases are a significant widespread global public health threat. In

the European Union (EU), over 320,000 human cases are reported each year, of

which 200,000 are caused by Campylobacter jejuni and 100,000 by Salmonella spp.
However, the real number is likely to be much higher. Moreover, food-borne

pathogens are estimated to cause nine million illnesses and about 1000 deaths

each year in the United States (Scallan et al. 2011). It has been estimated that the

annual cost of health losses linked to food-borne diseases is more than $77 billion

(Scharff 2012). The most common bacteria that cause food-borne diseases are

Campylobacter jejuni, Salmonella spp., Listeria monocytogenes, pathogenic

Escherichia coli, Yersinia enterocolitica, Staphylococcus aureus, Clostridium
perfringens, Clostridium botulinum and Bacillus cereus.

In recent years, food safety and food quality have been the issues increasingly

dominating public and political debate (Saron 2007). Therefore, monitoring of

microbial flora of foodstuffs is important to prevent health hazards and economic

losses. Conventional microbiological methods for testing foodstuffs are based on

growth in culture media, followed by isolation/enumeration and biological and

serological identification. Due to the fact that conventional methods are labour-

intensive and time-consuming, requiring from days to weeks to get results, and may

lead to uncertain identification or misidentification, more accurate, rapid and

effective new approaches based on the application of immunological (such as

enzyme-linked immunosorbent assay) or molecular techniques have been devel-

oped in the detection of microorganisms in the last years (Fratamico and Bayles

2005). The most recent molecular approaches to detect and identify food-borne

microorganisms have been discussed in this chapter.

2.2 Molecular Approaches to Detect and Identify

Food-Borne Microorganisms

The aim of molecular biology is to study the genome, transcriptome and proteome.

Within the last three decades, there have been considerable advances in the

development and use of molecular techniques for the detection of microorganisms

in foodstuffs as a result of the increasing demand for rapid results. These are

normally based on detecting specific nucleic acid (DNA or RNA) target sequences

using amplification processes and also identifying protein expression under specific

conditions (Ceuppens et al. 2014).
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2.2.1 Nucleic Acid-Based Methods

2.2.1.1 Nucleic Acid Hybridisation

The identification of bacteria by DNA probe hybridisation methods is based on the

presence or absence of particular genes. A different kind of technologies based on

the nucleic acid hybridisation, such as Western blot, Northern blot, Southern blot,

dot blot, colony hybridisation, colorimetric hybridisation, etc., have been developed

and successfully applied to the pathogen detection. However, a major drawback of

the hybridisation assays is their lack of sensitivity, which limits the use of these

analyses to populations of cells or genes occurring in relatively high numbers in

samples. Thus, these assays are currently mainly used for culture confirmation

rather than direct detection and identification (Fusco and Quero 2012).

Among all the hybridisation assays, fluorescence in situ hybridisation (FISH),

developed in the 1980s, is given a particular attention. In this method, small DNA

strands [15–30 base pairs (bp)], which are labelled with fluorescent, are used as

probe. Following the denaturation step of target double-stranded DNA (dsDNA),

this probe binds as complementary strand to specific part of single-stranded DNA

(ssDNA) for hybridisation. After hybridisation, pathogen bacteria cells can be

detected with fluorescence microscopy or flow cytometry without the need for

cultivation (Pernthaler et al. 2001).

FISH assays have been used to detect at genus and species level of various food-

borne pathogens such as Staphylococcus spp., Listeria spp. (Fuchizawa et al. 2008),
Campylobacter spp., Salmonella spp. and Escherichia coli (Stender et al. 2001)
isolated from different foodstuffs. For instance, 16S rRNA FISH method has been

used for detecting in situ of domain microorganisms within the cheese matrices

(Ercolini et al. 2003). In another study, Fang et al. (2003) identified Salmonella
species in food with the use of FISH with 23S rRNA-targeted oligonucleotide

probes, which are Sal-1 and Sal-3. Similarly, Bisha and Brehm-Stecher (2010)

used FISH combined with adhesive taped-based sampling method to determine

Salmonella spp. on fresh vegetable surfaces.

2.2.1.2 Polymerase Chain Reaction

The polymerase chain reaction (PCR) is a powerful technique, which is used to

amplify, or increase the amount of, a specific DNA target sequence (Hayashi 2012).

In general, PCR process consists of at least 35–40 cycles and each cycle comprises

three different temperature-step processes: denaturation, annealing and elongation.

At denaturation step, dsDNA is separated into two ssDNA (melting) through the

breaking of the hydrogen bonding between the base pairs by application of high

temperature (92–96 �C) in the reaction tube. Temperature at which half of the DNA

molecules become single-stranded is named as melting temperature (Tm). The
second step is the annealing of the DNA primers to form the specific

2 Novel Approaches to Identify and Characterise Microorganisms in Food Industry 27



complementary sequences to the target ssDNA molecules. These primers are short

fragments of DNA that match up to the forming ends of the new DNA sequence of

interest. This phase is performed at 30–65 �C. The final step in cycling is the

elongation of the DNA, which involves binding of the deoxynucleotides (dNTPs)

from the reaction mixture to the complementary target sequence with DNA poly-

merase enzyme (generally Taq polymerase) catalysing at 72–75 �C. Following the

finished cycle, the dsDNAs are converted to ssDNAs by heating again and whole

PCR process begins (Levin 2009).

The PCR and other rapid methods are often inhibited by food matrix compo-

nents; thus, there is a need to separate and concentrate microorganisms or to purify

microbial DNA from food samples or enrichments prior to detection. When

performing the PCR, sample preparation is necessary to remove inhibitory sub-

stances such as complex polysaccharides, lipids and proteins that may reduce

amplification efficiency, to increase the concentration of the target organism/

DNA and to produce a homogeneous sample ensuring reproducibility of the

assay. The methods that have been used for this purpose include aqueous polymer

two-phase systems, immune-magnetic separation, centrifugation or filtration.

Moreover, many DNA extraction kits and reagents are commercially available

(Fratamico and Bayles 2005).

There are many PCR-based protocols that are used for detecting the desirable

and undesirable microorganisms in food samples. Some of the most common PCR

variants are random amplification of polymorphic DNA (RAPD)-PCR, real-time

PCR (RTi-PCR), multiplex PCR (MPCR), PCR-restriction fragment length poly-

morphism (RFLP), DNA sequencing and multilocus sequence typing (MLST). The

advantages and limitations of PCR-based methods have been summarised in

Table 2.1.

RAPD-PCR

RAPD-PCR assay is based on the use of short random sequence primers (nine or ten

bases in length), which can be applied to any species without information of

nucleotide sequence. Primers hybridise chromosomal DNA sequences with a suf-

ficient affinity at low annealing temperatures (Giraffa and Carminati 2008; Kumar

and Gurusubramanian 2011). Amplicons exhibit strain-specific patterns of bands by

separation with agarose gel electrophoresis due to the fact that the number and

location of random primer sites vary for different strains of yeast and bacterial

species (Bardakci 2001). This method has been reported to be profitable, simple and

non-time-consuming. RAPD-PCR can be performed both on purified and untreated

DNA (Giraffa and Carminati 2008).

The RAPD-PCR method has been reported to be useful for establishing the

persistence of specific strains of lactic acid bacteria (LAB) (Plengvidhya et al.

2004; Sese~na et al. 2005) and yeasts (Zahavi et al. 2015) in food products and also

genetic typing of various food-borne pathogens (Keeratipibul and Techaruwichit

2012). LAB plays an essential role in some fermented products by decreasing food
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pH as a result of producing lactic acid and producing aroma compounds (Centeno

and Carballo 2014). Yeasts are also abundant and essential microorganisms in some

fermented foods and beverages. However, they are also spoilage microorganisms in

some food products (Arroyo-López et al. 2008). In a previous study, Lucena-Padrós

et al. (2014) identified both yeast and LAB genotype isolated from Spanish-style

fermented green table olives by using RAPD-PCR method. In another study,

Klebsiella pneumoniae as an entero-invasive food-borne pathogen was isolated

from street foods in Malaysia and characterised by RAPD-PCR fingerprinting

(Haryani et al. 2007).

RTi-PCR

RTi-PCR is one of the PCR-based techniques that is increasingly applied for

detection and molecular quantification of microorganisms in food products. This

technique is also called as “homogenous PCR”, “kinetic PCR” or “qPCR” (Mackay

Table 2.1 Advantages and limitations PCR-based methods

Method Advantages Limitations

RAPD Simple

Non-time-consuming

Low expense

It can be used on any DNA sample

Target genome information is not

required

Purified and high molecular weight

genome template is essential

Low reproducibility

RTi-PCR Culture independent

Sensitive

Reliable

Fast

Easy to perform

Not require post-PCR analysis

High equipment cost

Requires high technological support for

setting

MPCR Cheap

Time saving

High sensitive

High throughput

Less input material

Difficult

Primer dimers

Sometimes results in non-specific

amplifications

DNA

sequencing

High discrimination level

Accurate and fast results

Sequencing reactions are directly

obtained from PCR products

Require post-PCR analysis

More expense

Lower throughput

MLST Portable

Robust

Easy to perform

Expensive

Not all organisms are suited for MLST

analysis

RFLP Culture independent

Easy to perform

Inexpensive

Simple

Powerful

Need long time from start to completion

Large amount of DNA required

Some enzymes are costly

Different enzyme composition needed

2 Novel Approaches to Identify and Characterise Microorganisms in Food Industry 29



et al. 2007). The basic principle of the system is monitoring the amplification of the

target DNA in real time by the employment of fluorescent technology (Stjepanovic

et al. 2011). Many alternative instruments and fluorescent probe systems have been

developed to use in this technique. Two common methods are used to detect

amplicon: DNA-binding dyes such as ethidium bromide (EtBr) and SYBR Green

I or specifically bind probes such as TaqMan® and FRET (fluorescence resonance

energy transfer) probes (Foley and Grant 2007). SYBR Green I, one of the most

frequently used fluorescent DNA-binding dye in RTi-PCR application, binds all

dsDNA, and detection is monitored by measuring the increase in fluorescence

throughout the cycle. TaqMan® probe is also named as “double-dye oligonucleo-

tide”, “50 nuclease probe” and “dual labelled probe”. The TaqMan® probe contains

a fluorescent dye on one end and a quencher (that suppresses fluorescence) on the

other. If the target sequence is present during the PCR and the probe binds to the

target DNA, then the probe is degraded, resulting in an increase in fluorescence.

The instrument detects accumulation of PCR products by monitoring the increase in

fluorescence. This method is culture independent, sensitive, reliable, fast and easy

to perform. In RTi-PCR method, data is monitored throughout the PCR process in

real time instead of looking at bands on a gel at the end of the reaction. Moreover,

this system is avoiding cross-contamination due to close-tube system (Mackay et al.

2007).

Many studies have been performed to identify yeasts, moulds and pathogen

bacteria isolated from various foodstuffs in recent years. For instance, Rodrı́guez

et al. (2011) performed two RTi-PCR methods based on SYBR Green I and

TaqMan to detect patulin-producing moulds. More recently, Rodriguez-Lazaro

et al. (2014) detected Salmonella spp. in raw pork, poultry meat, salad and raw

sheep milk by using RTi-PCR-based methods.

MPCR

MPCR is a variant of PCR in which several gene sequences belonging to the same

bacteria or originating from the mixture of different microorganisms simulta-

neously amplified in the same reaction. This method was first described in 1988

and has been widely used for detection of LAB in dairy products (Giraffa and

Carminati 2008), food-borne pathogens (Chen et al. 2012) and their toxins (Singh

and Mustapha 2015). Primer setting is an important point in MPCR technique. It is

necessary to design the primers longer than those used in conventional PCR. The

MPCR technique is cheaper, quicker, high sensitive and easier to run when com-

pared to conventional PCR. Additionally, two or more pathogens can be detected in

one tube without any enrichment step (Yu et al. 2016). This is important because

many foods such as fruits, vegetables, milk, dairy, poultry and meat products may

contain more than one pathogen. Singh and Mustapha (2015) detected simulta-

neously eight serogroups of Shiga toxin (Stx) produced by Escherichia coli
(STEC), O145, O121, O104, O157, O26, O45, O103 and O111 in food samples

within less than 11 h. More recently, Yu et al. (2016) studied on commercial cold
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dishes food such as meat, vegetable and soy products purchased randomly from

supermarkets in China and used both conventional and MPCR methods for the

identification and characterisation of 99 bacteria isolates. Staphylococcus aureus,
Listeria monocytogenes and Salmonella spp. were identified with both conventional
and MPCR methods. The MPCR showed a wide range of specificity although only

one or two template combinations were used.

PCR-RFLP

PCR-RFLP is another popular genotyping technique that is based on DNA extrac-

tion, amplification of a specific gene sequence by PCR and digestion of amplicons

into smaller fragments with specific endonucleases that have been isolated from

different bacterial species. Digested fragments are separated by gel electrophoresis

according to their size (Giraffa and Carminati 2008). Several variants of

PCR-RFLP method such as amplified fragment length polymorphism (AFLP),

terminal restriction fragment length polymorphism (T-RFLP), inverse PCR-based

amplified restriction fragment length polymorphism (iFLP) and PCR combined

with restriction fragment melting temperature (PCR-RFMT) have been also used

for detection of food-borne microorganisms.

PCR-RFLP method has been used in many studies to identify microorganisms

since it is a very rapid, simple, powerful and inexpensive technique. In an earlier

study, Espinosa et al. (2002) identified Saccharomyces cerevisiae, Hansenia
sporauvarum, Kluyveromyces thermotolerans, Candida vinaria and Candida stel-
late using PCR-RFLP method. They reported that after 5.8S-ITS rDNA region of

extracted DNA was amplified by PCR, HinfI, HaeIII and in some cases DdeI,
endonucleases were used for restriction. It has been concluded that PCR amplifi-

cation of 5.8S-ITS rDNA may be a good method for fast identification of the yeasts

involved in wine fermentation, yielding information without the need of cultivation

or time-consuming plate isolation methods. In another study, yeasts were isolated

from fermented orange juice and subjected to diversity analysis. The analysis was

conducted using restriction fragment length polymorphism on the ITS region

(including ITS1, 5.8S rRNA gene and ITS2), which was amplified using PCR

with ITS1 and ITS4 primers. Restriction enzymes used in this research were

Hha1, HinfI and HaeIII (Soka and Susanta 2010). Similarly, Pham et al. (2011)

generated and tested a 5.8S internal transcribed spacer (ITS) RFLP library for

brewery wild yeast contaminants as well as ale and lager brewing yeast strains.

The efficacy of the technique was assessed by isolation of 59 wild yeasts from

industrial fermentation vessels conditioning tanks and by matching their ITS

amplicon sizes and RFLP profiles with those of the constructed library. More

recently, Marty et al. (2012) performed PCR-RFLP method to monitor pathogenic,

spoilage and technologically important microorganisms in 21 spontaneously

fermented Swiss meat products. The authors showed that Lactobacillus sakei and
Lactobacillus curvatuswere dominant species in fermented meat products followed

by Staphylococcus species such as S. saprophyticus, S. gallinarum, S. capitis,
S. sciuri and S. epidermidis.
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DNA Sequencing

DNA sequencing is another PCR-based molecular method in which the nucleotide

bases along a DNA strand are determined. There are two different methods used in

sequence analysis: chemical cleavage and dideoxy chain termination that is also

named as Sanger sequencing method (França et al. 2002). The most frequently used

one is Sanger sequencing which is based on enzymatic DNA synthesis. The

protocol of this method starts with DNA extraction from pure cultures, followed

by PCR amplification. Four different reaction mixes are prepared for sequence

analysis. Each mixture includes template DNA, primer, four dNTPs (A, G, C, T)

and only small amount of one of the dideoxynucleotides (ddNTP; either ddA,

ddC, ddG or ddT). In sequencing reaction, primers that anneal to a single-stranded

DNA template are elongated by DNA (Taq) polymerase. Fluorescent-labeled

deoxynucleotides are introduced on at a time and the primer is extended in a

template-dependent manner. In the same reaction, Taq polymerase adds to dena-

tured DNA, fluorescent-labelled modified (dideoxy) nucleotides that terminate the

formation of a new DNA strand as they encounter their complementary nucleotides

in the target sequence. This results in DNA strands of variable length, which are

separated on a gel electrophoreses and reflect the sequence being analysed. (Rapley

and Whitehouse 2007). The obtained result is compared with reference sequences

through the basic local alignment search tool (BLAST) or other databases.

Sequencing method has been extensively used for many years for characterisa-

tion and identification of yeast (Pereira et al. 2015) and food-borne bacteria

(El-Hadedy and El-Nour 2012; Aydemir et al. 2015; Kurtzman 2015).

MLST

MLST is another nucleotide sequencing-based subtyping method that includes

sequencing housekeeping genes in different loci around the chromosome of micro-

organisms. Approximately, 7–10 housekeeping genes are chosen for this purpose.

This method was firstly used by Maiden et al. (1998) to identify pathogenic

Neisseria meningitidis species. MLST includes several steps: DNA extraction,

PCR application to housekeeping genes, sequencing of PCR products, comparison

of each sequence fragment, MLST allele assignment and data analysis (Mu~noz et al.
2014). This method is portable, robust and easy to perform. Moreover, housekeep-

ing genes are sufficiently stable that makes this method to be ideal for global

epidemiology. Different analysis software is available on MLST websites that

makes it easy to identify several bacterial species.

Many food-borne pathogens like Campylobacter jejuni, Clostridium botulinum,
Clostridium perfringens, Escherichia coli, Listeria monocytogenes, Bacillus
cereus, Staphylococcus aureus, Salmonella enterica, Vibrio parahaemolyticus,
Enterococcus faecium and Enterobacter sakazakii have been identified by using

MLST (Mu~noz et al. 2014; Killer et al. 2015).
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MLST has been also used for identification of bacteria involved in food fermen-

tation such as Oenococcus oeni, Lactobacillus plantarum, Lactobacillus casei,
Lactobacillus paracasei, Lactobacillus sanfranciscensis, Lactobacillus delbrueckii,
Lactobacillus lactis, Pediococcus parvulus, Pediococcus damnosus and Saccharo-
myces cerevisiae (Mu~noz et al. 2014). In a study conducted by Dan et al. (2014),

MLST protocol was used for identifying Leuconostoc lactis isolates obtained from

traditional dairy products in China and Mongolia, and eight different target house-

keeping genes (groEL, carB, recA, pheS, murC, pyrG, rpoB and uvrC) were

determined. More recently, a total of ten housekeeping genes (carB, clpX, dnaA,
murC, murE, pepN, pepX, pyrG, recA and rpoB) were sequenced for identifying

Streptococcus thermophilus strains isolated from traditional dairy products in China

and Mongolia (Yu et al. 2015).

2.2.1.3 Pulsed-Field Gel Electrophoresis

Pulsed-field gel electrophoresis (PFGE) method is based on bacteria characterisa-

tion by digesting DNA with restriction enzymes into suitable DNA sequences

(Li et al. 2009). Since the size of obtained DNA fragments is big, they cannot be

separated by standard agarose or acrylamide gel electrophoresis technique (Olive

and Bean 1999). The method allows separating DNA fragments and visualising

them with ethidium bromide. The obtained DNA fingerprint reflects the DNA

sequence, and the result is compared with the existing database for bacteria

identification (Birren and Lai 2012).

PFGE method has been reported to exhibit high discrimination level in food

pathogen detection. Favier et al. (2013) aimed to determine the prevalence of

Salmonella spp. in foods of animal origin sold at retail stores over the period of

2005–2011 in San Luis, Argentina. PFGE assay was used with the combination of

XbaI DNA restriction to determine possible genetic relationships among the Sal-
monella isolates. In another study, Rivoal et al. (2013) characterised Listeria
monocytogenes isolated from egg break plants by PFGE using ApaI and AscI
enzymes. Recently, Mu~noz-Atienza et al. (2016) investigated the safety of 14 poten-
tial probiotic Enterococcus faecium strains with antimicrobial activity. In this

study, the genetic relatedness of Enterococci was determined by PFGE, RAPD,

enterobacterial repetitive intergenic consensus (ERIC-PCR) and restriction analysis

of amplified 16S rDNA (ARDRA). ERIC-PCR yielded the highest diversity,

followed by RAPD and PFGE, while ARDRA achieved the lowest diversity.

2.2.1.4 Ribotyping

Ribotyping is similar to PFGE since DNA is cut into fragments by an endonuclease

such as EcoRI (Li et al. 2009). Differently from PFGE, genomic DNA is cut into

smaller fragments around the number of 300–500 and 1–30 kb in size. Obtained

fragments can be separated according to their size by agarose gel electrophoresis. In
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the following, separated fragments are transferred to a nylon membrane and

hybridised with an appropriately labelled copy DNA (cDNA) probe derived from

ribosomal RNA (rRNA). Ribotyping is highly reproducible and cheap, while this

technique is time-consuming and requires considerable technical expertise

(Stjepanovic et al. 2011).

Ribotyping is useful for taxonomical and long-term epidemiological studies. De

Cesare et al. (2007) determined Listeria monocytogenes strains genetic diversity

isolated from fresh and fermented sausages by automated PvuII ribotyping and

predicted the pathogenicity lineage of L. monocytogenes isolates determining their

DuPont Identification Library Codes (DUP-IDs) by EcoRI ribotyping. In another

work, Salustiano et al. (2009) observed that ribotyping was most discriminatory to

detect variations between strains of Bacillus cereus isolated from milk and the post-

pasteurisation equipment surfaces.

2.2.2 Proteomics

Proteomics are used to identify protein expression under specific conditions. In the

post-genomic era, proteomics is valuable in comparison of subspecies as well as

determination of cell functions (Feng and Liu 2012). Proteomics is also useful in

secretomics. In recent years, secretome studies increased the overall understanding

of pathogen physiology, surface colonisation and virulence. Secretome studies not

only cover the secretion machineries but also the secreted proteins. Today, in

proteomics studies of food-borne pathogens, gel-based and gel-free methods are

the most commonly deployed methods.

Gel-based methods were first introduced in 1975 with two-dimensional gel

electrophoresis (2DGE) (Klose 1975; O’Farrell 1975). Since then, this technique

has been used in comparative proteomics as it allows to analysing of proteins in

different conditions (e.g. growth stages, environmental stresses). Furthermore, it is

possible to evaluate the whole proteome in a single sample with 2DGE. A break-

through in 2DGE happened with the introduction of fluorescent labelling which

enabled analysis of three samples in one gel. This technique is called

two-dimensional fluorescent difference gel electrophoresis (2D-DIGE), and not

only does it help to decrease the time consumption and labour intensity; it also

increases the reproducibility by decreasing the gel consumption and increasing the

sample size (Bonar et al. 2015). After the separation of proteins with 2DGE or

2D-DIGE, spots of interest are selected for fingerprinting by matrix-assisted laser

desorption/ionisation time-of-flight mass spectrometer (MALDI-TOF). Then, pro-

teins are identified with a database search. Despite the certain advantages such as

detection of intact proteins and post-translational modifications, gel-based methods

have limited detection power of small amount proteins and speed.

The second approach is based on liquid chromatography mass spectrometry

(LC-MS). In this method, isolated proteins are digested with a site-specific protease

such as trypsin, and the fragments are separated with LC (Domon and Aebersold

34 G.N. Kara et al.



2010). After this separation, MS is used for identification. This method is also

called as shotgun proteomics because of the resemblance of shotgun genomics, and

it offers greater sensitivity and broader dynamic ranges (Marcotte 2007). LC-MS

approach covers the proteome better than 2DGE and is becoming the main

approach consequently (Feng and Liu 2012). MS-based approach can further be

modified with labelling methods such as stable isotope labelling by amino acids in

cell culture (SILAC), isotope-coded affinity tag (ICAT), isotope-coded protein

labelling (ICPL), tandem mass tags (TMT) or isobaric tags for relative and absolute

quantification (iTRAQ) (Zhu et al. 2010).

Development of labelling methods is a big step forward as they led the way of

quantified proteomics. However, apart from TMT and iTRAQ (eight samples at

once), labelling methods enable comparison of limited number of samples. As a

result, the interest in label-free shotgun proteomics has been increasing. In princi-

ple, label-free methods have four major steps:

(a) Preparation (i.e. protein extraction, alkylation and digestion)

(b) Separation with LC

(c) Analysis with MS

(d) Data analysis (e.g. identification and quantification).

Quantification in label-free approach is based on peak intensity or spectral

counting and requires specific software (Marcotte 2007; Zhu et al. 2010). Currently,

there are a number of commercial and open-source software developed for this job.

In the past 10 years, proteomics studies of several food-borne pathogens (Cam-
pylobacter jejuni, Salmonella spp., Escherichia coli, Listeria monocytogenes,
Staphylococcus aureus, etc.) have been evaluated mainly in terms of physiological

state, inactivation mechanisms, biofilm formation and virulence. Some of the

current proteomics studies on food-borne pathogens are summarised in Table 2.2.

C. jejuni is one of the leading causes of food-borne diseases in both the European
Union and United States. Scott and Cordwell (2009) reviewed the proteomics

studies of C. jejuni and stated that C. jejuni was a unique pathogen due to the

ability of making post-translational modifications. Recently, Elmi et al. (2012) and

Jang et al. (2014) identified 151 and 134 vesicular proteins, respectively. Vesicular

proteins are secreted from outer membrane vesicles of gram (–) bacteria and have

significant roles in survival and virulence.

Encheva et al. (2005, 2007) evaluated the proteomics of Salmonella serotypes

Typhimurium, Pullorum, Enteritidis, Choleraesuis and Dublin. It has been reported

that the protein maps of strains were highly similar with each other. However, Sun

and Hahn (2012) compared three serovars, Typhimurium, Enteritidis and

Gallinarum, and observed significant differences in the expression of virulence

proteins. In another study, Adkins et al. (2006) compared the proteomes of a

virulent (ATCC 14028) and an attenuated (LT2) S. Typhimurium strains in

magnesium-depleted medium. Researchers identified 2121 proteins for LT2 and

2296 proteins for 14028. The results showed that 90 % of these proteins were

overlapped. Different expression levels, however, were shown in propanediol

utilisation operon, which is associated with virulence. Cho et al. (2015) determined
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the antigenic outer membrane proteins of S. Enteritidis strains 270 and 350. The

study showed that OmpA, Dps (DNA starvation/stationary phase protection pro-

tein) and possibly OmpW are antigenic. Antibiotic resistance of Salmonella
serovars has been also studied extensively (Hu et al. 2007; Karatzas et al. 2008;

Pinto et al. 2010; Correia et al. 2014).

Due to the fact that Shiga toxin-producing E. coli (STEC) and especially E. coli
0157:H7 cause the highest number of food-borne outbreaks (CDC 2015) within the

pathogenic Escherichia coli group, majority of the studies have been focused on

this pathotype. Lippolis et al. (2009) compared the proteomic changes in E. coli
O32:H37, a mastitis-causing strain, in milk and culture media. Among the nearly

1000 proteins reported in the study, hundreds of proteins including quorum sensing

and mobility proteins were differently expressed in milk. The study showed that the

physical behaviour and virulence of pathogens in food environment is very differ-

ent compared to model systems. Zhou et al. (2010) compared the proteomes of

enterohaemorrhagic E.coli (EHEC) O157:H7 and enteropathogenic E. coli (EPEC)
O55:H7 and found that 118 proteins were expressed differently.

Table 2.2 Current proteomics studies on food-borne pathogens

Pathogen Technique Conditions Finding Reference

L. monocytogenes MudPIT

and

Q-TOF

LC/MS

Sublethal

nisin

conditions

Nine proteins upregulated

including oxidative stress

response and flagellar

proteins

Miyamoto

et al.

(2015)

L. monocytogenes 2-DE and

MALDI

TOF/TOF

MS

High salinity,

low pH and

low

temperature

Oxidative stress, protein

synthesis, cell wall and

nucleotide metabolism

pathways affected

He et al.

(2015)

E. coli O157:H7 2-DE and

MALDI

QTOF

MS/MS

HCl, lactic

acid (LA) and

low

temperature

OmpA upregulated in HCl

stress and low temperature,

downregulated in LA stress

Huang

et al.

(2015)

S. Enteritidis 2-DE and

MALDI

TOF MS

Outer mem-

brane pro-

teins were

mapped

OmpA and Dps were the

most abundant proteins

Cho et al.

(2015)

V. parahaemolyticus 2-DE and

MALDI

Q-TOF

LC/MS

NaOCl,

acidic and

slightly

acidic water

OmpK and OmpU

upregulated, protein syn-

thesis related, proteins

downregulated

Chen et al.

(2016)

C. sakazakii 2-DE and

MS/MS

Virulent and

attenuated

strains were

compared

Five membrane proteins

upregulated in virulent

strain

Ye et al.

(2015)

C. jejuni 2-DE and

nano-LC-

LTQ-

Orbitrap

MS

Outer mem-

brane vesi-

cles were

profiled

134 proteins were identi-

fied, bioinformatics analysis

predicted, redox proteins

were enriched

Jang et al.

(2014)
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Huang et al. (2007) studied the effect of acid stress on an O157:H7 strain.

Survival of the non-acid-adapted pathogen was 95.7 % in stationary phase, whereas

the survival rate of the cells in exponential phase was only 0.9 % at pH 3.0 for 2 h.

In addition, when cells were adapted to acidic conditions, secretion of Shiga toxin

(Stx) was decreased greatly compared to non-adapted cells. Authors suggested that

changes in membrane lipids due to acid adaptation might result in decreased toxin

secretion. Kaur and Chakraborti (2010) evaluated the acid response of an

enteroaggregative E. coli (EAEC) strain. In the absence of rpoS, a stress regulatory
gene, cells were unable to grow at pH 4. It was concluded that the absence of rpoS
leads to downregulation of acid-induced proteins. In addition to their metabolic

functions, outer membrane proteins play a vital role in virulence of O157:H7. For

example, OmpA is found to be essential in adherence of the pathogen to human

brain cells (Shin et al. 2005). Recently, Huang et al. (2015) evaluated the effect of

low temperature and chemical treatments on the proteome of an O157:H7 strain.

When subjected to HCl, OmpA was upregulated by 2.38-fold, whereas lactic acid

treatment was resulted in a downregulation by 1.9-fold. Similar observations were

made for OmpX, which was upregulated by 1.6-fold and downregulated by 3.9-fold

by HCl and lactic acid, respectively.

Many studies have been conducted on the secretion system of L. monocytogenes.
Donaldson et al. (2009) compared global protein expression of two

L. monocytogenes strains, EGD and F2365, during early stationary phase. 1754

proteins in EGD and 1427 proteins in F2365 were identified. Among those proteins,

1077 proteins were common in both strains. Significant differences were found in

the expression of cell wall, flagellar, DNA repair and stress response proteins. In a

similar study, Donaldson et al. (2011) compared the protein expression profiles of

three L. monocytogenes strains, EGDe, F2365 and avirulent HCC23, isolated from

murine macrophages. Although all strains expressed metabolic proteins for 3 h,

avirulent strain, HCC23, was unable to cause prolonged infection. On the other

hand, strains EGDe and F2365 proliferated in macrophage for 7 h. It has been

suggested that prolonged proliferation was linked to DNA repair and stress

response proteins. Huang et al. (2014) compared proteomic variations of

L. monocytogenes with a clinical isolate and two food-borne isolates. It has been

reported that clinical isolate showed 53.4 and 53.9 % similarity to dairy and seafood

isolates, respectively. Furthermore, significant variations were determined in the

expression of specific proteins such as cold shock proteins.

In another study, Agoston et al. (2009) evaluated the protein expression of

L. monocytogenes under various heat conditions using two-dimensional gel elec-

trophoresis coupled with matrix-assisted laser desorption/ionisation time-of-flight

analysis. The cells were subjected to heat shock at 60 �C, and 18 proteins were

expressed differently. When the heat shock prolonged to 9 min, 21 proteins includ-

ing DnaN (stress protein), TcsA (a lipoprotein) and Gap (glyceraldehyde-3-phos-

phate-dehydrogenase) were expressed differently compared to control. More

recently, protein expression of L. monocytogenes in the presence of nisin was

studied by Miyamoto et al. (2015). It was found that nine proteins were upregulated

and four were downregulated compared to control group. Highly expressed proteins
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were associated with oxidative stress, flagellar movement and cell membrane

production.

The proteome of S. aureus has been studied in terms of antibiotic resistance

(Monteiro et al. 2012), secretome (Kusch and Engelmann 2014), biofilm formation

(Resch et al. 2006), pathogenicity (Bonar et al. 2015) and extracellular proteins

(Enany et al. 2014). Lee et al. (2009) determined that S. aureus membrane vesicles

release biologically active BlaZ, a β-lactamase protein, which protects ampicillin-

susceptible bacteria against ampicillin. Authors also discovered that the protective

function of BlaZ was not observed after heat treatment of vesicles.

Proteomic changes in Vibrio parahaemolyticus under the effect of three chem-

ical sanitisers, acidic electrolysed water, slightly acidic electrolysed water and

sodium hypochlorite solution, were determined by Chen et al. (2016). The sanitisers

affected cell membrane, protein synthesis and ATP biosynthesis pathways. It has

been concluded that employment of proteomics is a valid approach to determine

inactivation mechanisms.

2.3 Conclusions

Food safety and food quality are two important aspects in food industry. Thus,

reliable paths to detect, identify, characterise and quantify microorganisms in

foodstuffs are of great interest. Culture-independent molecular methods in food

microbiology have solved existing problems associated with traditional culturing

techniques. However, each molecular technique offers some advantages and limi-

tations. It is not easy to choose appropriate molecular method and may depend on

the objective studies and several variables such as time to obtain results, cost,

reproducibility, etc. Studies on the development and optimisation of molecular

techniques are of great importance in the detection of biological hazards in

foodstuffs.
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Chapter 3

Strategies of Mass Cultivation of Microbes:

Sebacinales

Diksha Bhola and Varma Ajit

Abstract The order Sebacinales placed at the base of Basidiomycetes exhibits

fairly large diversity of mutualistic fungi. The rDNA sequence-based molecular

ecology studies divulge that the members of Sebacinales form mutualistic associ-

ations with a number of terrestrial plant species. One of the extensively known

members of Sebacinales is Piriformospora indica, which is an AM-like mycorrhi-

zal fungus. It exhibits growth-promoting characteristics and can be cultured axeni-

cally. Various complex media are employed for the growth of the fungus; however,

a simple and cheap medium was developed for commercial production. The

optimisation of the media based on nutrient requirements had elucidated that Hill

and Kaefer medium is the optimal medium for the growth of fungus. Fungal

cultures can be raised on large scale in rotary shakers as well as fermenters. Further

the fungal cultures are also produced on large scale as nanomycorrhiza.

3.1 Introduction

More than 80 % of known terrestrial plant species form symbiotic associations with

mutualistic mycorrhizal fungi (Brundrett 2009). A wide diversity of these fungi

belongs to the order Sebacinales. Though exhibiting a fairly large diversity of

mutualistic fungi in comparison to other orders, Sebacinales is rather a recently

described order (Weiß et al. 2004; Glen et al. 2002; Urban et al. 2003; Selosse et al.

2002, 2007; Kottke et al. 2003; Setaro et al. 2006; McKendrick et al. 2002). The

order Sebacinales is placed at the base of Basidiomycetes and exhibits evident

phylogenetic affinity Geastrum spp. It has been postulated that ECM is the pro-

posed ancestor of both Geastrum and Sebacinales clade or the entire

Hymenomycetes (Taylor et al. 2003; Weiß et al. 2004; Smith and Read 1997).
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The rDNA sequence-based molecular ecology studies divulge that members of

Sebacinales form mutualistic associations with a number of terrestrial plant species.

The sequence analysis of members of Sebacinales obtained from different habitats

reveals that the order segregates into two clades, A and B, that vary in their ecology

(Weiß et al. 2004). Fruit bodies are unique to clade A of order Sebacinales. Thus
clade A sequence is acquired from fruit bodies, orchids as well as many trees, while

clade B of order Sebacinales is obtained from autotrophic orchids, liverworts and

Ericaceae (Varma et al. 2013). The molecular phylogenetic evaluation states that

the order belongs to Basidiomycetes, yet a very few basidiome-producing species

have been described (Hibbett et al. 2007). On the basis of the molecular phyloge-

netic analysis, the Sebacinales are isolated from the rest of the Auriculariales sensu
Bandoni taxa despite their macroscopial as well as ultrastructural similarities

(Varma et al. 2013).

Similarly the molecular phylogenetic studies revealed that P. indica is a member

of the order Sebacinales. The partial 18S rDNA sequence analysis placed P. indica
in Basidiomycota close to the Rhizoctonia solani group (Varma et al. 2013). A

maximum likelihood analysis of 18S rDNA sequence confirmed these postulations.

Further according to their similarities to Zygomycetes, P. indica is termed as an

AM-like fungus (Franken et al. 2000). Another fungus, Sebacina vermifera sensu,

containing 20S rRNA is placed in the Sebacinaceae family.

Thus Sebacinales is an extensively versatile order consisting of symptomless

endophytes (Weiß et al. 2011). The members of Sebacinales have positive effects
on the growth, resistance against biotic and abiotic stress as well as yield of the

plants they are associated with (Deshmukh et al. 2006; Waller et al. 2005). Thus it

enables these fungal spp. to be a feasible source of biofertilisers and biocontrol

agents.

3.2 Morphology and Taxonomy of Sebacinales

The fungal species belonging to Sebacinales such as P. indica have white to almost

hyaline hyphae. The hyphae are thin walled and have a diametric range of

0.7–3.5 μm. The hyphae are irregularly septate and often exhibit anastomosis.

The highly interwoven hyphae appear as intermingled cords and branch irregularly.

External deposits, polysaccharides or hydrophobic proteins can be noticed on

hyphal walls at regular intervals. The irregular septation of hyphae accounts for

the presence of more than one nuclei in a single compartment. The distinct

chlamydospores appear singly or in clusters. Initially the chlamydospores are thin

walled and hyaline, while they become thick walled towards maturity. Further no

sexual structures or clamp connections were observed (Varma et al. 2001). The

mycelium has a subsurfaced and concentric growth on agar medium. When grown

on solid culture media, very few aerial hyphae were formed. Occasionally the

mycelium fabricates periodic rings on agar medium, whereas the structure of the

mycelium was homogenous. The morphological characteristics of the mycelium
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greatly differ with variations in conditions of cultivation or nutrient compositions of

the culture medium.

Through 18 s RNA molecular methods and electron microscopy, it was eluci-

dated that this fungus belongs to Hymenomycetes. With the help of electron

microscopy, the presence of dolipores with non-perforated parenthesomes was

elucidated. This further implied that P. indica belongs to Hymenomycetes
(Basidiomycota). Sequence comparison showed the close relation of P. indica
with Rhizoctonia group (Varma et al. 2001). P. indica is placed as a member of

the Basidiomycetes order Sebacinales by the molecular phylogenetic analysis

(Hibbett et al. 2007; Qiang et al. 2012; Weiß et al. 2004). During the molecular

ecology studies, the sebacinoid fungi are frequently detected as mycobionts of plant

roots, thus pronouncing that Sebacinales retain massive biodiversity (Weiß et al.

2011). Even though the exact phylogenetic position of the Sebacinales is still not
very evident in Agaricomycetes, it is divisible into two major clades which have

been designated as A and B (Fig. 3.1) (Qiang et al. 2012; Weiß et al. 2011). The

anamorphic P. indica is associated with group B. Basiewicz et al. inferred

Fig. 3.1 Phylogenetic relationships of Sebacinales based on maximum likelihood analysis of

partial nuclear-encoded ribosomal large subunit sequences cited from Weiß et al. (2011)
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significant changes in physiological and molecular parameters within similar

strains of Piriformospora (Basiewicz et al. 2012). Further Piriformospora
williamsii was described as a new member of the genus Piriformospora.

3.3 Morphogenesis of P. indica

The morphogenesis of the fungus was monitored for about 7 days in batch cultures.

The cylindrical hyphae after 2 days started to enlarge at places, and after 5 days many

of the hyphae turned into aggregated spores. At the end of 7 days, typical pear-shaped

spores were produced in abundance. In another experiment, after 4 days of incubation

at 28 �C the fungal culture was transferred to cold conditions at 4 �C and massive

sporulation was found within 24 hours. Vice versa the cultures after 25 s were

incubated at 37 �C, and the massive sporulation was recorded (Fig. 3.2).

3.4 Nutrient Requirements for Growth

Carbon is very essential for fungal metabolism as the fungi are heterotrophic for carbon

compounds. The carbon taken up by the fungus provides two crucial functions. First

carbon is required for the synthesis of cell components. Secondly, energy is obtained by

the oxidation of compounds of carbon. The fungi can utilise a variety of carbon sources

such asmonosaccharide, disaccharides, oligosaccharides, polysaccharides, organic acids

and lipids. On supplementation of fungal cultures with glucose, fructose and sucrose,

glucose is consumed first, whereas the sucrose is metabolised by invertase. Thus first all

free glucose is consumed, and after this slow utilisation of fructose takes place.

Fig. 3.2 Morphogenesis of P. indica
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Individual amino acids also have distinctive effects on fungal growth. On

addition of glycine, methionine, serine and alanine, promotion of growth of fungus

to different extents can be observed. However, not a significant change is observed

in fungal growth when augmented with glutamine, asparagine and histidine. Phos-

phorous is paramount for the growth of members of Sebacinales. The fungus

utilises a wide range of inorganic and organic phosphate sources. Acid phospha-

tases were observed to be active in P. indica mycelium (Varma et al. 2001).

3.5 Media Composition

A large variety of synthetic and complex media are employed for the activation of

fungal strains.

(a) MMN 1/10 (Herrmann et al. 1998)

Composition g/l

CaCl2 � 2H2O 0.07

MgSO4 � 7H2O 0.15

NaCl 0.03

(NH4)2HPO4 0.03

KH2PO4 0.05

Trace elements mg/l

(NH4)6Mo7O24 � 4H2O 0.09

H3BO4 1.55

CuSO4 � 5H2O 0.13

KCl 3.73

MnSO4 � H2O 0.84

ZnSO4 � 7H2O 0.58

Fe-EDTA mg/l

FeSO4 8.50

EDTA 1.50

Agar 20.0 g

(b) Modified Aspergillus Medium (Varma et al. 2001)

The media composition was the same, except that yeast extract, peptone and

casamino acid were reduced to 1/10 in quantity

(c) M4 N (Mukerji et al. 1998)

Composition g/l

D-Glucose 10.0

(NH4)2HPO4 0.25

(continued)
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Composition g/l

KH2PO4 0.50

MgSO4 � 7H2O 0.15

CaCl2 � 2H2O 0.05

Ferric citrate (2 % ferric citrate, 2 % citric acid v/v) 7.0 ml

NaCl 0.025

Thiamine HCl 100.0 mg

MES 2.5

Malt extract 1.5

Yeast extract 1.5

Agar 15.0

pH 5.6

(d) MMNC (Kottke et al. 1987; Marx 1969)

Composition g/l

Glucose 10.0

CaCl2 � 2H2O 0.07

MgSO4 � 7H2O 0.15

NaCl 0.03

(NH4)2HPO4 0.25

KH2PO4 0.5

Casein-hydrolysate 1.0

Malt extract 5.0

Trace elements mg/l

(NH4)6Mo7O24 � 4H2O 0.02

H3BO4 1.55

CuSO4 � 5H2O 0.13

KCl 3.73

MnSO4 � H2O 0.85

ZnSO4 � 7H2O 0.58

Fe-EDTA mg/l

FeSO4 8.5

EDTA 1.5

Vitamins mg/l

Thiamine 0.1

Riboflavin 0.1

pH 5.6

Agar 20.0 g
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(e) MS (Murashige and Skoog 1962)

Chemicals mg/l

Macronutrients

NH4NO 30.5

KNO3 1650.0

CaCl2 � 2H2O 900.0

MgSO4 � 7H2O 440.0

KH2PO4 370.0

Micronutrients

KI 170.0

H3BO3 0.83

MnSO4 � H2O 6.20

ZnSO4 � 7H2O 15.60

NaMoO4 � 2H2O 8.60

CuSO4 � 5H2O 0.25

CoCl2 � H2O 0.025

Iron source

Na2 � EDTA 0.025

FeSO4 � 7H2O 37.30

Vitamins

Nicotinic acid 27.8

Pyridoxine HCl 0.5

Thiamine HCl 0.1

Glycine 2.0

Myo-inositol 100.0

Agar 0.7 % (w/v)

Sucrose 3.0 % (w/v)

PH 5.6–5.7

Each chemicalwas dissolved in bidistilledwater individually. pHof themediumwas

adjusted using 1 N NaOH/HCl before autoclaving at 121 �C, 15 lbs. for 20 min. Stock

solutions were stored at 4 �C except organic supplements, which were stored at 20 �C.

(f) WPM (‘Woody Plant Medium’ for Populus) Ahuja (1986)

Composition g/l

Sucrose 20.0

K2SO4 1.00

Ca (NO3)2 � 4H2O 0.73

NH4NO3 0.40

MgSO4 � 7H2O 0.37

Myo-inositol 0.10

Agar 7.00
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Add 700 ml H2O, and adjust pH to 5.8 using 3.7 % HCl (ca. 9.5 ml).

Add after autoclaving sterile phosphate solution (0.17 g KH2PO4 dissolved in

270 ml H2O) + 15 ml NaOH (saturated)

10 ml of trace element stock solution (see below)

10 ml Fe-EDTA (see below)

10 ml glycine stock solution (100�: solve 20 mg in 100 ml)

1 ml thiamine stock solution (1000�: solve 10 mg in 100 ml)

1 ml nicotinic acid stock solution (1000�: solve 50 mg in 100 ml)

1 ml CaCl2 stock solution (1000�: solve 3.6 g in 50 ml)

250 ml pyridoxine stock solution (4000�: solve 40 mg in 100 ml)

100 ml CuSO4 stock solution (10,000�: solve 25 mg in 100 ml)

Sterilise by filtration before adding

100� trace element stock solution (g/l, autoclave, store at 4 �C):

MnSO4 � H2O 2.23

ZnSO4 � 7H2O 0.86

H3BO4 0.62

Ammonium molybdate 0.10

KI 0.09

100� Fe-EDTA stock solution.

Dissolve 0.128 g FeSO4 and 0.172 g EDTA at 60 �C in 100 ml H2O and store at

4 �C, 20 g.

CaCl2 � 2H2O 0.07

MgSO4 � 7H2O 0.15

NaCl 0.03

(NH4)2HPO4 0.03

KH2PO4 0.05

Trace elements mg/l

(NH4)6Mo7O24 � 4H2O 0.018

H3BO4

(g) MMN (Modified Melin-Norkrans) (Johnson et al. 1957)

Composition g/l

NaCl 0.025

KH2PO4 0.5

(NH4)2HPO4 0.25

CaCl2 0.05

MgSO4 0.15

FeCl3 0.001

Thiamine hydrochloride 83.0 ml

Trypticase peptone 0.1 % (w/v)

Glucose monohydrate 1.0 % (w/v)

(continued)
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Composition g/l

Malt extract 5.0 % (w/v)

Trace elements from stock 10.0 ml/l

Trace elements (stock) g/l

KCl 3.73

H3BO3 1.55

MnSO4 � H2O 0.85

ZnSO4 0.56

CuSO4 0.13

pH was adjusted to 5.8 with 1 N HCl/NaOH.

All the stocks were stored at 4 �C except thiamine hydrochloride which was

stored at 20 �C.
(h) Malt Extract (Gallowey and Burgess 1962)

Composition g/l

Malt extract 30.0

Mycological peptone 5.0

Agar 15.0

pH 5.4

(i) Potato Dextrose Agar (PDA) (Martin 1950)

Composition g/l

Potato peel 200.0

Dextrose 20.0

Agar 15.0

Distilled water 1.0

Skin of potatoes was peeled off, cut into small pieces and boiled (200 g) in

500 ml of water, till they were easily penetrated by a glass rod. The boiled water

containing potato peel was filtered through cheesecloth and dextrose was added to

the filtrate. Agar was dissolved and the required volume (1 l) was made up by the

addition of water. The medium was autoclaved at 15-lb. pressure for 20 ml.

(j) Aspergillus Medium (Kaefer 1977)

Composition g/l

Glucose 20.0

Peptone 02.0

Yeast extract 01.0

Casamino acid 01.0

Vitamin stock solution 01.0 ml

Macroelements from stock 50.0 ml

Microelements from stock 02.5 ml

Agar 10.0

CaCl2 0.1 M 1.0 ml

(continued)
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Composition g/l

FeCl3 0.1 M 1.0 ml

pH 6.5

Macroelements (major elements) Stock (g/l)

NaNO3 120.0

KCl 10.4

MgSO4�7H2O 10.4

KH2PO4 30.4

Microelements (trace elements) Stock (g/l)

ZnSO4 � 7H2O 22.0

H3BO3 11.0

MnCl2 � 4H2O 5.0

FeSO4 � 7H2O 5.0

CoCl2 � 6H2O 1.6

CuSO4 � 5H2O 1.6

(NH4)6Mo7O27 � 4H2O 1.1

Na2EDTA 50.0

Vitamins Percent

Biotin 0.05

Nicotinamide 0.5

Pyridoxal phosphate 0.1

Amino benzoic acid 0.1

Riboflavin 0.25

pH was adjusted to 6.5 with 1 N HCl. All the stocks were stored at 4 �C except

vitamin which was stored at 20 �C.

(k) Jaggery

Composition w/v

Grounded jiggery 4 %

pH 6.5

The grounded jiggery was dissolved in distilled water.

Chemical composition (in %) of jaggery is (Figs. 3.3 and 3.4):

Sucrose 60–85

Glucose and fructose 5–15

Protein 0.4

Fat 0.05

Minerals 0.6–1.0

Calcium 0.4

Magnesium and phosphorus 0.045

Iron 11
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Fig. 3.3 Cultivation of P. indica on different concentrations of jaggery

Fig. 3.4 Spore morphology of P. indica on jaggery and Hill-Kaefer medium
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3.6 Growth in Batch Culture on Shaker

Many fungi effectively sporulate in submerged cultures containing suitable

medium with optimised nutrients (Vezina et al. 1965). Thus fungal cultures can

be produced aseptically on large scale using shake flasks. The sporulation can be

enhanced by transferring the jar in cold for 24 h.

3.6.1 Preparation of Media

Various media compositions are employed for the production of fungal cultures in

shake flaks. Hill and Kaefer medium along with other media such as YPG media,

potato dextrose broth (PDB), and malt extract are effectively employed for the

submerged cultivation of fungal cultures. The media are prepared following the

standardised media compositions in distilled water. The desired pH of the com-

posed media is adjusted using acid or base and quantified using a pH metre.

3.6.2 Sterilisation of Medium

Prior to inoculation of media for the production of cultures, the media should be

sterilised. This avoids growth of undesired microbes along with the cultures.

Sterilisation of medium is done under high-pressure saturated steam at 121 �C for

15–20 min in autoclaves.

3.6.3 Inoculum Preparation

The stock cultures of fungus are maintained on slants containing complex medium

(Hill and Kaefer 2001) augmented with 15 g/L agar. The slants after being inocu-

lated were incubated at 30 �C for 10 days and later on stored at 4 �C. For the
preparation of inoculum, the fungal cultures were initially grown in a petri dish

containing Kaefer medium (Kaefer 1977). At the time of inoculation, agar discs of

approximately 8 mm were then punched out using sterilised corkborer. These discs

were then used for inoculation of seed cultures.
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3.6.4 Growth in Flasks on Shaker

The submerged cultures were raised in 500 mL of flasks containing 100 mL of

complex media most probably Hill and Kaefer medium. The flasks were inoculated

with 5 mL of freshly prepared inoculum at 30 �C under constant shaking at 200 rpm

on a rotary shaker.

3.6.5 Harvesting of Biomass

After maximum growth is attained in the flasks, the biomass is harvested. The

culture is filtered and the biomass is separated. The culture can also be centrifuged

at 3000 rpm for separation of filtrate and biomass. The filtrate thus obtained can be

employed for the study of bioactives produced by the fungal cultures. The biomass

separated is used as a bioinoculant by mixing the 2 % biomass with sterilised

magnesium sulphite or vermiculite.

3.7 Production of Fungal Cultures in Fermenters

Fermenters provide optimised environmental and nutritional conditions for the

large-scale production of microbial cultures. The constant administration of condi-

tions at variable stages in fermenters enables a more efficient scale-up of microbial

cultures. The submerged conditions enhance the uptake of nutrients resulting in

stimulation of the biochemical processes. Fermentation of the microbes can be

accomplished through the following three processes, batch, continuous and

fed-batch.

Batch culture comprises of a closed system which encompasses an initial

restricted availability of nutrient. The batch fermentation is employed for the

production of biomass as well as primary and secondary metabolites. Further in

fed-batch systems, the exponential growth phase can be prolonged by the contin-

uous addition of fresh culture to the system. This addition results in the continuous

culture system. The continuous culture systems require media which is designed for

substrate limited growth. Thus these systems effectively maintain microbial popu-

lation in exponential growth where cultures grow at a constant rate and biomass

concentration for extended periods (Lansing et al. 2005).

There is yet another system called the fed-batch system. The batch cultures

constantly being fed with medium without the culture fluid being removed corre-

sponds to the fed-batch culture (Yoshida et al. 1973). It is initially established in

batch mode and further fed accordingly depending upon the conditions required by

the culture. The fed-batch cultures control the organism’s growth rate which is

3 Strategies of Mass Cultivation of Microbes: Sebacinales 57



related to the specific rate of oxygen uptake. Thus fed-batch culture systems are

readily used in fermentation technology.

3.7.1 Medium for Optimal Growth

The media used for fermentation greatly influence the nutritional requirements as

well as physiochemical environment and thus directly affect productivity and

process economics (Zhang and Greasham 1999). Therefore a suitable media should

invariably support vegetative growth and production of spores. The optimum

growth conditions are observed in a modified Kaefer media with peptone, 3.0;

yeast extract, 3.0; KH2PO4, 1.83; and MgSO4.7H2O, 0.65 g/L. The concentrations

of other components were the same as in the original Kaefer medium without

NaNO3 and KCl, while the glucose concentration was 20 g/L (Kumar et al. 2011).

3.7.2 Sterilisation of the Fermenter

Prior to the initiation of the production process, the fermenter needs to be sterilised.

The fermentation media and the fermenter can be sterilised together or separately.

The fermenter is sterilised by channelling steam into the vessel via all entries and

releasing the steam slowly through air outlet. The jackets or coils of the fermenter

are sterilised by heating them with steam. Also the steam pressure is maintained at

15 psi inside vessel for 20 min approximately for thorough sterilisation.

3.7.3 Cultivation in Fermenter

For all the fermentation processes, an active 2 % inoculum raised in an optimised

medium is used. The initial pH of the process is 6.5. As the biomass production is

initiated, there is uptake of glucose which decreases the pH to between 5.5 and 6.0

in late log phase. Since the optimum pH for sustainable growth of the members of

Sebacinales is 5.8, there is no requirement for pH control in fermenter systems

where the fungal cultures are grown on media containing complex nitrogen sources.

The temperature range for the members of Sebacinales is in between 20 and 35 �C.
However, for optimised growth, the fungal cultures are grown at a temperature of

30 �C. The fungus grows best at lower agitation and low oxygen concentrations

(Varma et al. 2001). Thus the cultures are grown at 200 rpm and 20 % working

volume (Fig. 3.5).
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3.7.4 Recovery of Biomass Produced

After the desired biomass is obtained, the production process is terminated. The

biomass produced in the fermenter vessel is removed. The produced biomass is then

filtered, separating the filtrate from the biomass. After separation the biomass

obtained is then formulated by mixing with sterilised magnesium sulphite, talcum

powder or vermiculite.

3.8 Production of Nanomycorrhiza

Over the past years extensive research has been carried out on nanocrystalline

materials. Various nanoparticles were employed for several purposes (Figs. 3.6 and

3.7). Out of that zinc oxide (ZnO) is the most exploited material. The wide band gap

and large excitonic binding energy of ZnO particles correspond to their vast

scientific and industrial applications (Wang et al. 2004). The Food and Drug

Administration has listed ZnO as a ‘generally recognized as safe (GARS)’ material

(Rajiv et al. 2013). The colloidal solution of ZnO nanorods is utilised as ‘nano-
fertiliser’. It provides nutrients to plants and also revives the soils natural organic

state without the use of chemical fertilisers.

Fig. 3.5 Production of biomass in bench fermenter (7 litres)
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3.8.1 Synthesis of Nanoparticles

Nanorods of ZnO are produced following the mechanical-assisted thermal decom-

position method (Zhang et al. 2014; Shakti et al. 2014; Noipa et al. 2014). Zinc

acetate is used as a precursor for the production of nanorods. For the synthesis the

precursor was grinded in a mortar-pestle for 45 min. The homogenous powder is

then transferred to an alumina crucible and incubated in an oven. Thus, the process

is called as mechanical-assisted thermal decomposition. In case of ZnO nanorods,

2 g of zinc acetate dehydrate was homogenised in mortar-pestle for 45 min and

Fig. 3.6 Interaction of P. indica with titanium and carbon nanoparticles

Fig. 3.7 Effects of nanoparticles on the biomass of P. indica cited from Suman et al. (2010)
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incubated in furnace at 500 �C for 4 h. The powder thus obtained is washed with

distilled water twice and then dried by heating at 100 �C for 8 h.

3.8.2 Preparation of Nanomycorrhiza

For the preparation of nanomycorrhiza, the growth media is augmented with

nanoparticles. To the complex media particularly Hill and Kaefer, ZnO nanorods

are added at a concentration of 500 ppm. Further to the augmented media, fungal

culture is inoculated.

3.8.3 Growth of Nanomycorrhiza

The ZnO-augmented media inoculated with fungal culture are allowed to grow

under normal incubation conditions. The biomass is grown at 30 �C in rotary shaker

moving at 200 rpm. The fungal culture shows enhanced growth.

3.9 Conclusions

The order Sebacinales is a recently described order with a vast diversity of

mycorrhizal fungal species. The members of Sebacinales show growth-promoting

characters. The Sebacinales species promote plant growth, induce early flowering

and provide resistance against biotic and abiotic stress. Thus it is an excellent

biofertiliser and a potential biocontrol agent. Therefore, large-scale production of

fungal cultures is much needed for the formulation of biofertilisers.
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Chapter 4

Biophysical Phenotyping as an Essential Tool

for Understanding Host–Microbe Interaction

Avinash P. Ingle, Dnyaneshwar Rathod, Marian Brestic, Hazem M. Kalaji,

and Mahendra Rai

Abstract The symbiotic relationship between plant and microbes is one of the

most important types of symbiosis among different living forms. Such kind of

association helps both the host and the symbiont. Generally, bacteria and fungi are

found in association with a variety of plants. It is believed that more than 80 % of

plants from different families available on the earth surface have a symbiotic asso-

ciation with arbuscular mycorrhizal fungi. In this context, it is very important to

understand the host–microbe interaction, which will elucidate the exact mecha-

nisms involved in the symbiosis.

Plant performance and productivity depend on relationship between host and

symbiont. Therefore, the study on comprehensive assessment of biophysical para-

meters like plant growth, yield, tolerance toward stress, resistance toward various

biotic and abiotic agents, plant architecture, physiology, ecology, and the measure-

ment of other quantitative parameters is necessary to know the degree of

association.

Chlorophyll a fluorescence measurement-based biophysical phenotyping is the

description of the behavior and performance of photosystem II (PSII) and photo-

system I (PSI) in terms of different structural and functional parameters in photo-

synthesis. It is mostly studied using JIP test which involves analysis of the

chlorophyll a fluorescence transient OJIP shown by the photosynthetic plants and

algae upon illumination after sample dark adaptation. This technique provides

rapid detection and it is easy to handle without damaging the tissues.
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4.1 Introduction

It is believed that photosynthesis is one of the important basis for maintaining all

life forms on the earth. It is well known that each and every living form needs

energy for its life and growth, but only plants and algae are capable for synthesis of

carbohydrates necessary for their growth using solar energy (Khalida et al. 2012).

Therefore, photosynthesis by plants and algae is very important because they are

primary producers. In the process of photosynthesis, the study of chlorophyll a
fluorescence is very useful to understand the growth of the plants. It is the most

useful marker for the biophysical phenotyping, which provides complete idea about

photosynthetic activity. In the dark-adapted photosynthetic plants and algae when

illuminated, the intensity of chlorophyll fluorescence kinetics exhibits highly

dependent photochemical reactions of photosynthesis (Juneau and Papovic 1999;

Kalaji et al. 2014).

Khalida et al. (2012) demonstrated that the absorbed light energy, which is not

used for photochemistry of PSII, is automatically dissipated by chlorophyll a
fluorescence of PSII. The amount of energy degenerated by the fluorescence

depends on the competition between the routes of dissipation of energy. The fluore-

scence can be used to study the electron transport and mechanisms of

energy transfer in the process of photosynthesis in green plants and algae.

The study of chlorophyll a fluorescence has proved to be of utmost importance

because of its complex connection with the frequent processes taking place

throughout the energy conversion of light into a stable chemical energy

(Papageorgiou and Govindjee 2004). Similarly, kinetics analysis of chlorophyll a
fluorescence has been a widespread nondestructive method used extensively for the

study of oxygenic photosynthetic organisms like higher plants, algae, and cyano-

bacteria. Moreover, it also provides qualitative as well as quantitative information

about photosynthetic activity of green plants and algae (Lazar and Schansker 2009;

Kalaji et al. 2012).

Many other fluorescence parameters have been defined in studies that contain

samples kept in light showing fluorescence induction, as mentioned earlier.

The photosynthetic samples, kept in darkness, are illuminated. Chlorophyll a
fluorescence intensity shows characteristic changes called fluorescence induction,

fluorescence transient, or simply the Kautsky effect (Kautsky and Hirsch 1931).

Strasser et al. (2000, 2004) invented a computational tool to analyze chlorophyll

a fluorescence. It is well known that biophysical parameters are not only useful in

the recognition and assessment of the beneficial role of microorganisms on

PSII activity (Tsimilli-Michael and Strasser 2002) but also equally helpful in bio-

physical phenotyping of the photosynthetic apparatus of a plant under stress

caused by different factors like temperature, drought, and light intensity (Rathod

et al. 2011; Brestic et al. 2014).

This chapter is focused on various biophysical parameters and the role of bio-

markers like chlorophyll a fluorescence analysis for the understanding of host–

symbiont interactions. Further, we have also discussed about advanced
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technological solutions available for the analysis of chlorophyll a fluorescence, which
helps in the study of biophysical phenotyping in a simple, rapid, and ecofriendly

manner.

4.2 Chlorophyll a Fluorescence as a Biomarker

Nowadays, analysis of chlorophyll a fluorescence has become the prime choice of

physiologists and botanists and is known as an important biomarker in this context

(Maxwell and Jonhson 2000). Although, chlorophyll a fluorescence corresponds to

a very small fraction of the dissipated energy from the photosynthetic apparatus,

it is widely accepted to offer an access to the understanding of its structure and

function (Strasser et al. 2004).

Chlorophyll a fluorescence, which results from excitation of chlorophyll a
molecule, can be used as a biophysical marker in many applications, such as

evaluation of stress (microbial and environmental), in understanding host–symbiont

interaction and also for the effects on PSII system (Strasser et al. 2000; Epitalawage

et al. 2003; Goltsev et al. 2005). Usually, light energy is absorbed by different

pigments of chloroplasts such as chlorophyll, carotenoids, and others present in the

photosynthetic antenna in the thylakoid membranes of green plants (Strasser et al.

2000, 2004; Govindjee 2004). After a photon is absorbed, due to excitation chloro-

phyll a molecule is transferred to its lowest singlet excited state, for which three

internal pathways exist: (i) fluorescence, in which the molecule returns to the

ground state with the emission of radiation; (ii) internal conversion, in which the

energy of the molecule is converted into vibrational energy; and (iii) intersystem

crossing, in which the singlet state is converted to the triplet state. Hence, chloro-

phyll a fluorescence analysis is considered as an important tool for the biologists

studying photosynthesis and other fields related to biophysics, biochemistry, and

physiology of green plants (Misra et al. 2012).

Marwood et al. (2000, 2001) demonstrated the importance of chlorophyll a
fluorescence analysis in the study of plants exposed to polycyclic aromatic hydro-

carbons (PAHs) and photo-modified PAH mixtures. In another study, Schreiber

et al. (1986) proposed that pulse amplitude-modulated chlorophyll a fluorescence

was found to be rapid tool for measuring photosynthetic electron transport in plants

in vivo. Similarly, chlorophyll a fluorescence analysis is also very useful, fast,

ecofriendly, and economically viable biomarker to assess the toxicity caused by

PSII inhibitors and also provides some indication regarding the mode of action of a

given xenobiotic (Fai et al. 2007). In addition, the analysis of chlorophyll a
fluorescence is considered to be authentic evidence of the plant health under abiotic

stress. Gururani et al. (2015) successfully evaluated the influence of cold stress on

the photosynthetic apparatus of transgenic turf grass (Zoysia japonica) through

chlorophyll a fluorescence analysis. From the analysis of OJIP test, remarkable

difference was reported in the physiological status among plants under cold stress

and control plants. Finally, they proposed that chlorophyll a fluorescence analysis
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would be an efficient tool which can provide relevant information about the physio-

logy of plants growing under abiotic stress.

But apart from these applications, chlorophyll a fluorescence can also be utilized
as an efficient biomarker in understanding the host–symbiont interactions.

Recently, Rozpadek et al. (2015) studied the symbiotic interaction of endophytic

fungus Epichloe typhina with its host plant Dactylis glomerata (an orchid grass),

particularly effects of the endophytes on photosynthesis apparatus. Certain markers

such as chlorophyll a fluorescence, gas exchange, immunoblotting, spectrophoto-

metric measurements, etc., were selected for assessment of photosynthetic perfor-

mance, changes in pigment content, and mechanisms associated with light

harvesting, carbon assimilation, and energy distribution in host plant. The result

obtained from analysis of chlorophyll a fluorescence provides evidence of increase

in chlorophyll contents (Rozpadek et al. 2015).

It is well known that arbuscular mycorrhizal fungi (AMF) as symbiont play a

crucial role in the supply of plant nutrition by supplying mineral nutrients, parti-

cularly inorganic phosphate, and also constitute an important carbon sink. In this

context, Adolfsson et al. (2015) studied the interaction of Medicago truncatula
plants grown with Rhizophagus irregularis, a type of AM fungi. Here, analysis of

chlorophyll fluorescence indicated that AM symbiosis did not alter the photo-

synthetic activity per leaf area. Thus, an increase in photosynthetic production was

achieved due to increased surface for sunlight absorption.

4.3 Discovery of Handy PEA

The Handy PEA (Plant Efficiency Analyser) instrument was launched in 2001,

succeeding the PEA instrument, Hansatech Instruments Ltd, King’s Lynn, Norfolk,
UK. The Handy PEA instrument, also known as chlorophyll fluorimeter or stress

meter, is supplied with a Windows data transfer and analysis software package

(Strasser et al. 2007). For data transfer and analysis, the computer-based Biolyzer

program (R. Maldonado-Rodriguez, Laboratory of Bioenergetics, University of

Geneva) can be used. The Handy PEA consists of a compact, light-weight control

unit encapsulating sophisticated electronics, which provides the high time resol-

ution essential in performing measurements of fast chlorophyll fluorescence induc-

tion kinetics, and it is supplied with sensor head (Fig. 4.1).

The working principle of this instrument is based on the collection of chloro-

phyll fluorescence signal by the sensor head during measurements, and further these

signals are digitized using a fast specialized analogue/digital converter situated

within the Handy PEA control unit. The instrument facilitates digitization of

chlorophyll fluorescence signal collected by sensor head at different rates depend-

ing upon the various phases of the induction kinetic. Initially, data is sampled at

10 μs (micro seconds) intervals for the first 300 μs. Handy PEA chlorophyll

fluorimeter is a simple instrument and easy to operate. Moreover, it has the capacity

to store up to six user-defined protocols for different field applications. About 1000
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recordings can be easily saved in the memory of Handy PEA chlorophyll fluori-

meter. Data recorded in the instrument may be viewed in numerical format and

can be analyzed after transferring to the computer using PEA Plus software where

it may be viewed graphically or exported to external software packages for further

statistical analysis (http://www.hansatech-instruments.com/products/introduction-

to-chlorophyll-fluorescence/continuous-excitation-chlorophyll-fluorescence/

handy-pea). Figure 4.2 represents the measurement of chlorophyll a fluorescence

using Handy PEA and analysis of data using Biolyzer program.

4.4 Measurement of Different Fluorescence Parameters

For the measurement of chlorophyll a fluorescence, Handy PEA facilitates mea-

surement of various key fluorescence parameters. Detailed analysis of these para-

meters using either PEA Plus or Biolyzer program gave an idea about the

photosynthetic machinery of the green plants and algae.

Fig. 4.1 Handy PEA instrument and their accessories, where (a) Handy PEA instrument, (b)

Holder, (c) Leaf clip

Fig. 4.2 (a) Measurement of chlorophyll a fluorescence using Handy PEA. (b) Analysis of

chlorophyll a fluorescence data using Biolyzer program
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Usually, the following basic measured and calculated parameters can be seen on

the screen of Handy PEA:

Fo It is the initial fluorescence level when plastoquinone electron acceptor pool

(Qa) is fully oxidized. The program (algorithm) is used to determine the line of best

fit through the initial data point recorded at the onset of illumination. This line of

best fit is extrapolated to time zero (start of illumination) to determine Fo. The value

obtained for Fo of different specimens at the same level may be used for compar-

ison. The Fo level is thought to represent emission by excited chlorophyll a

molecule in the PS II.

Fm It is the maximum fluorescence level obtained for the same light intensity. It

will only be correct if the light intensity is fully saturating for the plant and the

electron acceptor Qa is fully reduced. In order to compare the absolute value of the

fluorescence signal, which is proportional to the excitation intensity, it is important

that comparison is only made between measurements at the same intensity.

Fv It is a variable component of fluorescence. It can be calculated by subtractions

of Fo from the Fm values (i.e., Fm� Fo).

Fv/Fm It is the ratio of variable fluorescence divided by the maximum fluores-

cence. It has been shown to be proportional to the quantum yield of net photo-

synthesis. This ratio is independent of leaf area. But it requires absolute values of

Fo and Fm.

TFm It is the time at which the maximum fluorescence occurs.

Area The area above the fluorescence curve between Fo and Fm is proportional to

the pole size of electron acceptor Qa on the reducing side of photosystem

II. The area measurement is very useful parameter as it highlights any change in

the shape of induction kinetic between Fo and Fm which would not be evident from

the other parameters, Fo, Fm, and Fv/Fm.

PI It is the performance index of PSII. The performance index is essentially an

indicator of sample vitality. It is an overall expression indicating a kind of internal

force of the sample to resist constraints from outside. It is a force in the same way

redox potential in a mixture of redox couples is a force. Exactly the PI is a force if

used on log scale. Therefore we say:

logPI¼Driving Force DF

The PI or performance index is derived according to the Nernst equation. It is the

equation which describes the forces of redox reactions and generally movements of

Gibbs free Energy in biochemical systems.
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4.5 What Is JIP Test?

The fluorescence transient O-J-I-P is measured in terms of JIP test. The term JIP test

was adopted from the work of Prof. Reto Strasser and his colleagues at the labo-

ratory of Bioenergetics, University of Geneva, Switzerland (Fig. 4.3). The fluores-

cent parameter resulting from the relative amplitude of extremes of the fluorescence

signals, e.g., Fo (the minimal fluorescence intensity measured at 50 μs) and Fp (the

maximal fluorescence intensity). The OJIP analysis shows intermediate step in the

fluorescence induction transient such as the J step at 2 ms and I step at 30 ms. Thus,

in these circumstances the fluorescence induction kinetics can be characterized as

O-J-I-P.
The Handy PEA software uses the fluorescence value at these time marks to

derive a series of many further parameters calculated per reaction center (RC) or

cross section (CS) and also the PI (performance index) which is calculated as

RC=ABSð Þ � ϕPo= 1� ϕPoð Þð Þ � o= 1� oð Þð Þ

where

RC is the reaction center,

ABS is the absorption flux,

ϕPo is the maximal quantum yield for primary photochemistry,

and o is the quantum yield for electron transport (Kalaji et al. 2011).

The JIP test generally provides a quantitative analysis of the in vivo vitality

behavior and performance of pigment system II (PSII), that is, a quantitative

description of the biophysical phenotype macro-state, by accessing the different

microstate-functional building blocks (Strasser et al. 2007). The JIP test is also

considered important tool for the analysis of fast fluorescence kinetics O-J-I-P

exhibited by all oxygenic photosynthetic organisms upon illumination, based on a

Fig. 4.3 A standard OJIP

chlorophyll fluorescence

induction curve with main

steps and their appearance

time
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simple model and the theory of energy fluxes in biomembranes (Rathod et al. 2011).

It is well reported that biophysical tools are very important in the recognition and

evaluation of beneficial role of microorganisms on PSII activity (Tsimilli-Michael

and Strasser 2002). In addition, it is also important in biophysical phenotyping of

the photosynthetic apparatus of a plant under any kind of stress, such as stress

caused by drought, light, and temperature (Zivcak et al. 2015).

4.5.1 JIP Test Is the Rapid and Sensitive Technique
in Assessing the Efficacy of Any Microorganism
on Growth Promotion of Plants

Rai et al. (2008) studied the effect of various AMF in plant growth promotion of

maize (Zea mays) through the analysis of chlorophyll a fluorescence and JIP test. In

their experiment, they inoculated the maize plants with AMF, P. indica, and

G. mosseae separately and also with mixed culture of P. indica, G. mosseae, and
G. caledonium. The non-inoculated plants (without AMF) were maintained as

control. Chlorophyll a fluorescence data were measured at intervals of 7 days up

to 60 days. It was observed that the various JIP test parameters are highly affected in

both treated and non-treated plants. The increase in the yield for electron flow

(ϕEo ¼ ϕPo *ψo) was reported in plants inoculated with P. indica and mixed cul-

ture. Similarly, electron transport per trapping center (ψo) was remarkably influ-

enced by the treatment of AMF. Plants treated with P. indica and mixed culture

showed relatively higher quantum yield compared to non-inoculated plants. More-

over, absorption per reaction center was also reported higher in plants treated with

AMF as compared to controls. The morphological characters like height of the

plants and percentage colonization in the roots also strengthen the plant growth

promotion due to treatment of AMF. Therefore, the authors concluded that the JIP

test can be used as a sensitive and rapid tool for determination of efficiency of AMF

in host plants.

Rathod et al. (2011) also reported that JIP test was found to be a rapid and

nondestructive technique and can be used for the evaluation of the effect of mycor-

rhizal on growth of plants. However, for higher plants and algae, chlorophyll

a fluorescence induction curve measured under continuous light has a fast (within

a second) increasing phase and a slow (within a few minutes) decreasing phase.

Further, light-exposed samples also exhibit fluorescence changes, upon change of

wavelength or intensity of light (Strasser et al. 2004). After the light is turned off

and a sufficiently long dark period is given (e.g., 15–30 min to 1 h), the original

fluorescence induction kinetics are observed again when the same light is turned

back on. This transient has inflection points for a history of the nomenclature used

for fluorescence transient curves): the fast phase is labeled as OJIP, where O is the

origin, the first measured minimal level, J and I are intermediate levels, and P is

the peak.
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4.6 Biophysical Parameters

Different biophysical parameters, such as grain yield, plant height, plant age, crown

diameter, diameter at breast height, basal area, tree density, biomass, root length,

number of roots, number of leaves, size of leaves, leaf area index, chlorophyll-

content index, etc., have been considered as important morphological parameters in

the context of plant growth. In particular, such biophysical parameters always acts

as natural indicators directly or indirectly toward proper plant growth, vegetation in

agriculture and forest, environmental changes, management, and weather forecast-

ing (Monteiro et al. 2012; Avtar et al. 2013; Das et al. 2015). Also, study of various

biophysical parameters of plants like height, age, crown diameter, plant diameter

basal area, tree density, and biomass is considered to be essential for the manage-

ment practices in plants such as location determination, harvesting, replantation,

yield estimation, and carbon accumulation (Avtar et al. 2013).

Considering the importance of biophysical parameters, Jirali et al. (2008) carried

out a field experiment on two types of turmeric genotypes (i.e., Amalapuram and

Rajapuri) at the University of Agricultural Sciences, Dharwad, Karnataka, India,

and studied the effect of plant growth regulators on biophysical, biochemical para-

meters, yield, and quality. It was reported that the treatment of various plant growth

regulators such as chlormequat (1000 ppm), Cytozyme (2000 ppm), and Miraculan

(2000 ppm) was very effective. Moreover, these plant growth regulators signifi-

cantly increased the important biophysical parameters, photosynthetic rate and

transpiration rate, and total chlorophyll content.

In another study, Singh et al. (2015) demonstrated that levels of spacing between

cotton plants may affect the biophysical and biochemical parameters. Further, they

reported that different levels of plant spacing, i.e., 40, 50, and 60 cm, with a

consistent row width of 210 cm increased the various biophysical parameters like

relative water content, leaf area index, and biochemical parameters like chlorophyll

content of cotton crop during different stages of crop growth together with yield and

yield components.

Various methods have been proposed and developed for characterization and

monitoring of different biophysical parameters. Among those, remote sensing satel-

lite method is becoming more popular. The remote sensing technology is consi-

dered as easy approach to study vegetation cover and associated temporal changes

using satellite at a regional level. Biophysical parameters recorded from remote

sensing satellites can be utilized for several applications such as forestry, agri-

culture, land management, as well as weather forecasting. According to Das et al.

(2015), spatial and regional information about the biophysical parameters like

chlorophyll and leaf-area index which are considered as indicators for crop condi-

tion is very useful to guide farmers, planners, and managers toward sustainable

management of their agricultural resources. So in this context, remote sensing

method will be an efficient method for spatial characterization of crop biophysical

parameters with the aim of having a wider perspective for ecological information

and modeling.
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4.7 Biolyzer Program: Unique Analysis and Graphical

Representation

Biolyzer is a software-based computer program specifically designed for the ana-

lysis of chlorophyll fluorescence data obtained with the help of Handy PEA (i.e.,

fluorometer equipment). Biolyzer is a computerized program, which can be used for

the evaluation of efficiency of photosynthesis in plants. The analysis of photosyn-

thetic efficiency gives the idea about the various parameters like stress in plants,

algae, and cyanobacteria which affects the plant growth. According to the experts,

Biolyzer program is very useful for classification of fluorescence data recorded

using Handy PEA in order to determine plant groups that show different photosyn-

thetic responses. The determination of various factors responsible for low photo-

synthesis in plants can help to prevent damage caused by such factors, before it is

too late (http://www.fluoromatics.com/biolyzer_software-1.php).

Biolyzer program has been specifically built for the calculation of several para-

meters of JIP tests, and two important foundations, i.e., speed optimization and

robust algorithms, were used as a basis for this software. It was reported to be the

most innovative and rapid technique for the analysis of chlorophyll a fluorescence

(OJIP signals) measured for plants, green algae, and cyanobacteria. To date, various

versions of Biolyzer program have been developed, but Biolyzer® 5.0 software

provides full calculations of the JIP Test, and hence, it has been recognised as the

best and the faster ever released version. In addition, it has many useful graphical

and diagram tools for extracting more and more information out of your fluores-

cence data (http://www.fluoromatics.com/biolyzer_software-1.php).

As mentioned above, Biolyzer is not only useful for the calculations of

simple JIP test parameters but also provides unique analysis and colorful graph-

ical displays of professional standard. Also, preparation of multidimensional classy

plots from large sets of data and their components is possible. Moreover,

it facilitates representation of raw and processed data in a leading edge graph-

ical format, which allows the user to intuitively discover, analyze, and interpret

novel relationships within the recorded data. Most important point is that there is no

need of prior knowledge of statistical methods or clustering techniques; without

knowledge of such methods, analysis of complex data in a much simpler way can be

possible. Figure 4.4 shows the different graphical ways of representation during the

analysis of chlorophyll a fluorescence data using Biolyzer program.

4.8 Understanding Host–Symbiont Interaction

Symbiosis in a broad sense can be defined as the “living together in an intimate

association of two or more dissimilar organisms.” Symbiosis is a relationship in

which both organisms benefit simultaneously. There are various kinds of symbiotic

associations possible between two different biological systems among the plants,

animals, and microorganisms. In this chapter, we focus only on the important plant–
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microbe symbiotic interactions in general and plant–fungi relationship in particular.

In actual, plant–microbe interaction is a complex relationship that can have various

beneficial impacts on both the communities. The common examples for plant–

microbe interaction include nitrogen fixation by legumes which is a consequence of

microbes that fix nitrogen and plants that supply simple carbons. Similarly, in case

of symbiosis between plants and fungi, they establish a relationship in which the

plant provides nutrients and the fungi provide components to deter predation and

allow for greater drought tolerance (Wells and Varel 2011).

Generally, in plant–microbe interactions, two symbiotic systems have been

thoroughly studied for many years: arbuscular mycorrhizal fungal (AMF) symbio-

sis (Fig. 4.5) and root nodule (RN) symbiosis. Among these two systems, the plant–

AMF symbiosis is considered as the most widespread interaction between plants

and microbes, as far as the phylogeny and ecology is concerned. It was also

demonstrated that more than 80 % of plant families available on the earth surface

have a symbiotic association with AM fungi which belong to the Glomeromycota

group of fungi. According to Parniske (2008), the origin of AMF symbiosis with

plant is very old and it is thought to be in the early Devonian period (i.e.,

approximately 400 million years ago). Therefore, AMF symbiosis is also called

the mother of plant root endosymbiosis. However, RN symbiosis involves morpho-

genesis and is formed by communication between plants and nitrogen-fixing

bacteria.

0.010 0.015 0.020 0.030 0.050 0.070 0.100 0.15 0.20 0.30 0.50 0.70 1.00 1.5 2.0 3.0 5.0 7.0 10.0 15 20 30 50 70 100 150 200 300 500 700 1000

Time [ms]

600

800

1000

1200

1400

1600

1800

2000

2200

2400

Fl
uo

re
sc

en
ce

 [m
V]

Fluorescence Raw Curv es
1

2

3

4

5

ET/ABS

DI/ABS

TR/ABS

ABS/ABS

1 LM Scale:        1

A B

C 

Fig. 4.4 Different graphical ways of representation using Biolyzer program. (a) Fluorescence

plot, (b) Radar plot, (c) Pipeline leaf model
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Zuccaro et al. (2014) reviewed that a wide range of beneficial fungi are com-

monly associated with different plants in their roots, in which fungi help the plants

for mineral nutrient uptake, whereas in exchange of that fungi get carbohydrates

and other organic metabolites. Moreover, it was believed that such kind of associ-

ations plays a key role in shaping the terrestrial ecosystems and it also promoted the

evolution of land plants. For the establishment of compatible association with their

host, root-associated fungi have evolved their strategies of colonization with differ-

ent functional, morphological, and genomic specializations. These fungi mainly

include obligate biotrophic AMF and facultative biotrophic ectomycorrhizal

(ECM) interactions but are not restricted to these well-characterized symbiosis.

Emergent evidences are recorded in case of root endophytic associations, but

unfortunately, such associations are overlooked due to their inconspicuous nature.

However, such associations may be symbiotic in nature and represent important

players in natural and managed environments. Moreover, some of the recent studies

in the field of biology and genomics of root associations revealed interesting insight

into the phenotypic and trophic plasticity of these fungi and underlined genomic

traits associated with biotrophy and saprotrophy.

For understanding the actual host–symbiont relationship, Rey and Schornack

(2013) comparatively studied the pathogenic and symbiotic lifestyles of plant and

associated fungi (viz., Phytophthora species and AMF). According to them, inter-

action by both Phytophthora species and AMF follows similar developmental

processes of identification, plant cell penetration, and redifferentiation of the host

cells to establish intracellular interfaces for nutrient and information exchange.

Petutschnig et al. (2010) demonstrated that the chitin oligomers of fungal origin

mostly act as potent inducers of plant immunity and also played important role in

the activation of symbiosis-related signaling (Genre et al. 2013). Furthermore,

effector proteins, which are considered as hallmarks of plant pathogens and are

responsible for the suppression of defense mechanism and reprogramming of the

host plant, were reported in mycorrhizal fungi which on the contrary promote

symbiosis. (Kloppholz et al. 2011; Plett et al. 2011).

Recently, Ogar et al. (2015) demonstrated the effect of Zn–Pb contaminations in

Hieracium pilosella andMedicago sativa plants inoculated with AMF using JIP test

analysis. According to them, plants inoculated with AMF and contaminated with

Fig. 4.5 Spores of arbuscular mycorrhizal fungi: (a) Glomus intraradices, (b) Glomus mosseae,
(c) Piriformospora indica [Adapted from Rathod et al. (2011) (open access journal)]
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Zn and Pb showed significant increase of Fv/Fm parameter for Hieracium pilosella
as compared with non-inoculated plants, whereas Medicago sativa did not exhibit

any changes regarding Fv/Fm parameters. Increase in the Fv/Fm parameter sug-

gested the positive effect of AMF inoculation on photosynthesis functioning.

Similarly, different measurements were recorded for other parameters used in JIP

test such as (ABS/RC), trapping (TR0/RC), and reduction of end acceptors at PSI

electron acceptor side (ET0/RC) and the dissipated energy flux (DI0/RC) for both

controls (non-inoculated) and plants inoculated with AMF which confirms the sym-

biotic role of AMF in H. pilosella and M. sativa contaminated with Zn and Pb.

Similarly, a case study was carried out at the laboratory of Prof. Mahendra Rai

(data unpublished) on chickpea (Cicer arietinum) plants, in which the role of differ-
ent endophytes (G. mosseae, P. indica, and G. caledonium) was studied on growth

of chickpea subjected to cadmium (Cd) stress. The biophysical parameters such as

height of plants, number of leaves, etc., showed remarkable difference as compared

to control plants (non-inoculated with AMF). It was reported that the plants sub-

jected to Cd stress and inoculated with G. Caledonium showed maximum average

height of 28.12 cm (Fig. 4.6c) followed by plants treated with P. indica (26.00 cm)

(Fig. 4.6d), G. mosseae (24.12 cm) (Fig. 4.6b), and control (non-inoculated) plants

(14.25 cm) (Fig 4.6a), respectively, after 28 days of sowing. Moreover, the chloro-

phyll a fluorescence data recorded for JIP test analysis also showed increased

performance index (PI) and decrease in dissipation (Dio/RC) in plants inoculated

with AMF as compared to control plants, which confirmed that AMF played impor-

tant role in the elevation of Cd stress in chickpea plants.

Fig. 4.6 Chickpea plants subjected to Cd stress and various treatments. (a) Control plants

(without AMF), (b) plants inoculated with G. mosseae, (c) plants inoculated with

G. caledonium, and (d) plants inoculated with P. indica
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4.9 Conclusions

It is believed that symbiotic relationship between two different living organisms

plays a key role in shaping the terrestrial ecosystems. It also helps in the promotion

of evolution of land plants. Moreover, the study of various biophysical parameters

and biophysical phenotyping, i.e., the measurement of chlorophyll a fluorescence

using a compact Handy PEA device and their compressive analysis with the help of

computer-based software program (Biolyzer), can be used for the evaluation of the

vitality, growth promotion of plants, and also for understanding the host–symbiont

interactions. It can be concluded that microbial symbiotic partner of plant exerts

beneficial role on photosynthetic apparatus (PSII) of plant. Further, JIP test used for

biophysical phenotyping is a rapid and nondestructive technique that can be applied

for evaluating the effectiveness of symbiotic interaction among plants and fungi

like AMF. It can also be applied for the selection of potential symbionts for growth

promotion of plants.
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Chapter 5

Targeted Gene Disruption Tools for Fungal

Genomics

Ramesh N. Pudake, Maya Kumari, Binod Bihari Sahu, and Eram Sultan

Abstract Advances in genetic sequencing of fungal genomes have made vast

genetic resources available for improvement of these economically important

organisms. For this various functional genomics tools like gene cloning, transfor-

mation, and mutations have been developed and are being used. Gene function can

be studied both by forward genetics and reverse genetics. Mutant generation and

characterization have been an exceptional tools for studying the role of specific

gene in the development of fungi. In this chapter, various molecular techniques

which can be utilized for controlling the expression of specific genes in fungi are

described. For this we need to insert external DNA molecules in fungal cells

through genetic transformation followed by the analysis of gene function. This

chapter also focuses on the novel strategies for gene-editing techniques such as

ZFNs and TALENs which can also be used to elucidate the functions of genes.

These molecular tools for targeting gene expression have greatly enhanced the

knowledge of fungal genes functions.
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5.1 Introduction

Fungi are the eukaryotic organism which has over 1.5 million members. These

organisms are present in almost all places of the Earth and affect almost all other

forms of life. They can be a boon or bane to human being. They are majorly

involved in decomposition of organic matter, which is very critical in the mainte-

nance of environmental cycling of organic matter (James et al. 2005). The members

of fungal kingdom exist from microscopic nature to the large mushrooms and

possess a huge biodiversity. Due to their decomposing ability, the fungus plays

an important role in ecological cycling. Along with this they also possess an

economical importance and contribute to the world economy by producing various

by-products ranging from food to medicines. In contrast to these beneficial roles,

some of the members of the fungal kingdom are major disease-causing organisms in

both plants and animals (Tsang 2014). Losses due to fungal diseases are a major

concern as it is directly related to worldwide food security (Fisher et al. 2012). Due

to the faster evolution of plants, their association with fungi is wider as compared to

the animals. This is proved by the fact that as compared to the number of animal

disease-causing fungi, the number of plant disease-causing fungi is manyfold

(Horbach et al. 2011).

During the evolution period, the plant pathogenic fungi have advanced the

methods of invading the plant immunity. Based on the method of invasion, they

are categorized as necrotrophs or biotrophs. While necrotrophs infect and kill the

host tissues, the biotrophs possess a sustained pathogenesis strategy. Necrotrophs

generally produce toxin to kill the host cells; biotrophs lack the toxins but contin-

ually derive nutrients from the host cells by haustoria. There is another intermediate

way of infection where at the initial stages of infection the pathogen possesses

biotrophic phase and necrotrophic nature is displayed at the later stages. These

fungi are called hemibiotrophs (Horbach et al. 2011).

These host-pathogen interactions and its impacts can only be understood by

studies at cytological and genomic levels. Since the invention of the microscope,

the studies are being conducted at cellular level. But to study the fungal processes at

gene level, the information at genome is required. First genome of baker’s yeast
(Saccharomyces cerevisiae) was sequenced in 1996 (Dujon 1996). This acts as the

beginning, and to get valuable data from important fungi about their role in basic

research, health, agriculture, and industry through genomics, a project to sequence

1000 fungi was initiated through Fungal Genome Initiative of the US Department of

Energy’s Joint Genome Institute (JGI) (Grigoriev et al. 2011).

Currently, about 100 important fungi have been sequenced and many more are

being sequenced. Analysis of these sequence information can provide an insight

about genes that are involved in host-pathogen interaction or involved in the

production of economically important substances. Presently, functional and com-

parative genomic studies in fungi are at initial stages but have enormous potential in
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understanding the bioprocess involved in the life cycle of fungi. To achieve this,

there is an immediate need of advanced genomic tools and infrastructure for

efficient utilization of the vast wealth of available genome sequence information.

This will provide a platform for systemic studies of fungal kingdom. Gene function

can be deciphered in two ways—forward genetics and reverse genetics (Himelblau

et al. 2009). Mutant generation and characterization have been an exceptional tool

for studying the role of specific gene in the development of fungi. Generally,

mutants are generated by chemical or physical mutagens, and those are randomly

interspersed within the genome of organism. Mutagenesis of this kind also suffers

several other drawbacks like lower frequency, lethal effects, high operative risks,

etc. More importantly, no clue could be obtained as to where in the genome and in

which gene the mutation has occurred or whether it is due to a single base change,

an insertion, or a deletion.

As molecular biologists have developed various techniques to clone the gene and

sequence it, it has became routine now to isolate a single gene. So classical random

mutation technique also needs refinement. The gene-specific mutations could be

induced by various new technologies. The process to achieve silencing of targeted

genes by classical modern PCR-mediated process can be called as site-directed
mutagenesis which is now a popular tool for gene manipulation in all kinds of

organisms (Smith 1986). The availability of complete or draft genome sequences of

many fungi makes them more suitable for research on topics such as cell biology,

genetics, signal transduction, and differentiation (Borkovich et al. 2004) by muta-

genesis. This chapter focusses on the methodologies of site-directed mutagenesis

and its application in fungal genomics.

5.2 Methodologies for Targeting Specific Gene in Fungi

In majority of cases, the importance of a gene cannot be determined by simply

recognizing amino acid motifs in the protein and by examining the close relatives.

In order to establish the functional relationship between gene and phenotypes

through reverse genetics approach, generation of null mutant is required. The

gene of interest for studying its function is subjected to in vitro site-specific

mutagenesis, thereby generating a loss- or gain-of-function mutant to detect a

phenotype that may provide some clue about function. Not surprisingly, during

the recent years that gene targeting techniques have been available, many genes

have been knocked out in fungi. The methods employed in fungi for disrupting a

gene’s open reading frame and to block its expression are homologous integration,

ectopic integration, and RNA silencing.
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5.2.1 Homologous Integration

Homologous integration of vector DNA for targeted gene replacement takes advan-

tage of an organism’s own DNA repair machinery. The error-free DNA replication

during cell multiplication is indigenously achieved by homologous recombination

(HR). This is common in all forms of life, which ensures high-fidelity, template-

dependent repair or tolerance of complex DNA damages including DNA gaps,

DNA double-stranded breaks (DSBs), and DNA interstrand cross-links (ICLs).

Along with its involvement in preserving the genome during cell division, HR

plays a prominent role in faithfully duplicating the genome by providing critical

support for DNA replication and telomere maintenance (Li and Heyer 2008). HR in

eukaryotes is carried by a conserved member of the RAD51 protein family—Rad51

recombinase—that is homologous to bacterial RecA. The process requires a nick or

break in dsDNA that allows invasion of a 30 overhang of the broken DNA to the

non-broken homologous DNA molecule. Lastly, strand elongation occurs in order

to restore damage following either of the two main pathways—the DBSR (double-

strand break repair) pathway or the SDSA (synthesis-dependent strand annealing)

pathway (Heyer et al. 2010; San Filippo et al. 2008). Repair of a DSB proceeds

either through the DSBR mechanism, which results in crossovers or is more

common in meiosis than in mitosis, or through the SDSA mechanism (right),

which results in noncrossovers.

Gene targeting by homologous integration consequently leads to gene disruption

or gene replacement (knockout, knock-in or knockdown). Gene disruption involves

exchange of genetic segment between genomic and exogenous DNA molecules via

crossover events (Reh and Vasquez 2001). Generally, the exogenous DNA mole-

cules contain a selectable marker—a drug or antibiotic-resistant gene—flanked on

both sides with the genomic segments of target gene which will act as template for

homologous recombination. The size of these flanked homologous sequence, the

transformation method, and the chromosomal location of gene are the major factors

which are responsible for the efficiency of gene knockout by replacement vector

(Weld et al. 2006). When the optimization of these factors is acheived, homologous

recombination results in an excision and exchange phenomena with the help of

indigenous recombinases (Fig 5.1). Conditional gene knockout via homologous

recombination was achieved in fungi by many researchers (Table 5.1).

5.2.2 Genetic Engineering by RNA Interference

In addition to DNA-based approaches for site-directed mutagenesis, RNA interfer-

ence is a great tool for reducing the gene expression in eukaryotes. RNA interfer-

ence (RNAi) is a natural defensive phenomenon against mobile genetic entities
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such as viruses and transposons in a spatiotemporal manner, capable of producing

aberrant RNA or dsRNA (Sioud 2015). The mechanism first studied in the nema-

tode, Caenorhabditis elegans, is also differently referred to as posttranscriptional

gene silencing. It uses a small noncoding RNAs of 20–30 nucleotides (which fold

back forming hairpin) produced from double-stranded RNA to regulate the post-

transcriptional gene expression (Chang et al. 2012). In this method these small

RNAs regulate the similar genes by digesting the mRNA. On exposure to dsRNA,

cells activate a series of events that eventually leads to degradation of the

corresponding mRNA and gene silencing. RNAi-like silencing in organisms can

be introduced via siRNA, miRNA, PIWI-interacting RNAs, etc. Based on their

precursor structures, origin pathways, and mode of action, small RNAs are majorly

divided in four categories—small interfering RNA (siRNAs), microRNA

(miRNAs), PIWI-interacting RNA (piRNAs), and primal small RNAs (priRNAs)

(Ghildiyal and Zamore 2009).

Fig. 5.1 (a) A schematic of construction of replacement vector for gene silencing through

homologous recombination. The two homologous segments are cloned in multiple cloning sites

flanked with selective marker. When linearized for gene targeting, the vector backbone will then

replace the target gene with selectable marker by homologous recombination. (b–d) Gene replace-

ment by homologous recombination with selection marker. Two targeting arms (homologous

sequence) are depicted in yellow and green colors. Two homologous recombination events

(depicted through the crosses) occur via the targeting arms to introduce nonhomologous sequence

(e.g., hyg) into the designated gene. Insertion of the hygromycin gene is selected by growing

transformants on media with hygromycin. These mutants need to confirmed by various tools like

Southern blotting or gene-specific PCR because if the targeting construct is randomly integrated

anywhere in the genome, the gene of interest would be intact
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5.2.2.1 Small Interfering RNA

Involvements of RNAIII family members cleave the long dsRNA into 19–23 nts

fragments having 50 phosphorylated end including unphosphorylated 30 ends which
may be of two kinds, endogenous and exogenous (as defense pathway)—siRNAs as

per their origin. These siRNAs thus formed constitute the siRNA duplex that

consists of passenger strand as well as guiding strand. Release of the passenger

strand occurs when only the RNA interference specificity complex (RISC) uses the

guide strand that is used to find the target mRNA for endolytic cleavage. They

create dsRNA precursor for dicer. The use of RNAi-based strategies for plant

breeding in crop improvement is in practice. Also, this particular phenomenon

downregulates the invading bacterial, fungal pathogens inside the host. Virus-

induced gene silencing (VIGS) is one of the arenas of research where in the antiviral

defense mechanism is studied.

5.2.2.2 MicroRNA

In order to unravel the possibility to analyze the involvement of a particular set of

genes for phenotype under a certain condition, one does not need to screen a whole

lot of mutants; rather, microRNA (miRNA) based technology to control the gene

expression of a set of genes can be used. The designing of the concerned vectors and

putting them in the host of interest can easily target PAMPs or pathogen-derived

effector molecules. Further, tissue-specific targeting and downregulating the

expression of a subset of genes can be achieved by this process artificially which

is achieved by the degradation of the target mRNA at 10–12 bps complementary to

the miRNA designed and transformed. It has already been achieved in tomato, rice,

and tobacco by various groups of institutions.

5.2.2.3 PIWI-Interacting RNA

These are a group of endogenous small RNAs consisting of 24–31 nts length and

after associating with PIWI proteins, and Tudor superfamily members

(in Drosophila, many more proteins are also involved, Vasa (Vas), Maelstrom

(Mael), Armi, Zuc, Squash (Squ), and Shu) are called piRNA-induced complexes

and are further methylated for their stability in vivo (Siomi et al. 2010) in a ping-

pong cycle (Brennecke et al. 2007). This is also similar to the amplification of

secondary siRNA in eukaryotes. piRNAs repress the transposon in order to main-

tain the integrity of the genome of an organism as guardian of the genome at

transcriptional or posttranscriptional level. They are derived from wide intergenic

regions of repetitive elements in clusters which otherwise was called as junk DNA

part in earlier days (Lau et al. 2009; Saito and Siomi 2010). However, down the line

of generation also, it is inherited for many (multi)generations epigenetically, which
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is amid the involvement of the concerned piRNAs in the regulation of the

transposon-based regulation of the concerned cellular or physiological process.

Their sequences are having antisense orientation as that of transposons and tran-

scripts to be targeted by the physiological affect.

5.2.2.4 Primal Small RNAs

Mediated by exoribonuclease activity for 30 end formation and independent of

Dicer, priRNAs resemble piRNAs. They are mostly derived from 30UTR region

and degradation products of various transcripts of the respective genes in a Triman-

dependent manner, which might be functioning for surveillance of mRNAs by

interrupting the genome from being incorporated with foreign genomic elements

(Halic and Moazed 2010; Marasovic 2015). Understanding the biogenesis and their

involvement for regulation of the genome at transcriptional level is under study.

5.2.3 Zinc Finger Nucleases and Engineered Meganucleases

The challenges in genome editing via targeted gene replacement are low specificity,

generation of unexpected mutants, and low efficiency of mutagenesis. So recent

techniques like zinc finger nucleases (ZFNs) and engineered meganucleases are of

potential for specific targeting and modification of defined DNA sequences in vivo
(Baker 2012). In this method, the sequence-nonspecific DNA cleaving enzymes are

fused to sequence-specific recognition DNA-binding protein. Zinc finger proteins

are used as the hand of this engineered scissor, because of its capability of

recognition of specific nucleotides (Carroll 2011). In yeast the transcription

activator-like effectors (TALEs) were fused to Fok-I nucleases to create the

TALE nucleases (TALENs) for targeting DNA double-strand breaks (Christian

et al. 2010). Theoretically, any sequence of interest can be used to design custom-

ized TAL code which can accurately recognize it and cleave the side gene sites

(Cermak et al. 2011). Recently a rapid and efficient-Fast Ligation-based Automat-

able Solid-phase High-throughput (FLASH) system was developed for gene editing

in humans (Reyon et al. 2013). These studies act as a base of many studies in plants,

yeast, and many other organisms to induce heritable mutants .The successful

application of TALEN for gene editing in yeast have open up the possibility of

using it in the fungal kingdom, but still at present there are no reports of usage. The

mechanism used by organism to repair the TALEN-triggered break in genomic

DNA is either nonhomologous end joining (NHEJ) or HR pathway (Reyon et al.

2013). If the template for homologous repair is available after double-strand breaks

(DSBs) had occurred at the site of interest, the frequency of HR is improved (Bedell
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et al. 2012). So outcomes like site-directed mutation, terminal tagging, and gene

integration can be achieved. Recently a lot of modifications in gene-editing tech-

niques are going on, and surely one day it will play a very important role in fungal

genomics.

5.3 Vector Design for Various Methods of Targeted Gene

Disruption

5.3.1 Homologous Recombination

For occurring of a recombination event in a fungal cell, around 2 kb of sequence

homology is required. However, less than 1 kb of homology is not typically

recommended for targeting constructs (Frandsen 2011; Krappmann et al. 2006).

In addition, linear DNA was found to be preferred for transferring the recombinant

constructs. The frequency of homologous recombination is very less in a

nonhomologous end joining (NHEJ) genetic background as compared to random

insertion. Chemical competency transfers of linear DNA in fungal protoplast and

Agrobacterium-mediated transformation are preferred ways to deliver the replace-

ment vectors into fungal cells. The vector employed for this event is called a

replacement vector, in which open reading frame of genomic clone is disrupted

by the placement of an intervening drug selection marker. And two events of

homologous recombination inserting the selection marker at targeted genomic

locus (Fig. 5.1) and positive transformants are selected. Hygromycin is the most

common drug used for positive selection (Table 5.1).

The frequency of gene knockout by double HR has been significantly increased

by the generation of mutants with defects in the NHEJ system (ku70, ku80, or lig4
mutants) (Krappmann et al. 2006). The deficient NHEJ system in fungi forces the

T-DNA of Agrobacterium to integrate into genome through the HR system (van

Attikum et al. 2001), which ultimately results in increased events of gene knockout.

But in many cases of fungal transformation, there is no requirement of mutation in

NHEJ system for achieving site-directed gene replacement through homologous

recombination (Frandsen 2011; Pudake et al. 2013). The gene knockout frequency

in fungi can also be increased by another approach, where the gene targeting

cassette is flanked with a negative selection marker. This marker is lost if the vector

DNA integrates in fungal genome via the HR pathway but can be preserved if the

DNA integrates via the NHEJ pathway. This strategy removes the possibility of

transformants’ selection which carries ectopic copies of the introduced DNA and

increases desired gene replacement pool (Gardiner and Howlett 2004). Though the

use of both positive and negative selection reduces the required screening work, the

gain can be considered marginal due to the high rate of false positives. In addition to
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the use of NHEJ-deficient strains and negative selection marker systems, the split-

marker strategy is a promising technique for increasing the gene targeting effi-

ciency in ATMT experiments (Wang et al. 2010).

5.3.2 RNAi-Mediated Gene Silencing in Fungi

RNAi-mediated gene silencing as a natural phenomenon is triggered efficiently by

the dsRNAs. Likewise, targeted gene silencing can be achieved by introduction of

various small RNAs like siRNAs (Fig. 5.2), miRNAs (Fig. 5.3), PIWI-interacting

RNAs (piRNAs), and primal small RNAs (priRNAs) into a cell that can associate

with several proteins such as Dicer/Argonaute and PIWI/aubergine to follow the

natural RNAi pathway. Small RNAs can be introduced into a cell by liposome-

based transfection or electroporation of mimics, synthetic constructs, or a vector

carrying an insert thereof. Small RNA inserts are synthesized such that they would

result in a self-complementary, hairpin-like precursor RNA transcript. An intronic

sequence of target mRNA and reverse compliment thereof, flanked by restriction

sites, is selected by processing and checking through RNAi Designer software avail-

able, and cloned in vector. Further, cross-checking of the inserted fragment which

can form hairpin-like structures is framed in repetition by sequencing and digestion

tests. Once conformation of the cloning of the cassette is confirmed, it is put

downstream of a constitutive promoter in binary vector that would be helpful for

recombining into the genome of the species of concern. Moreover, the insert

comprises nucleotide sequences that would correspond to sense and antisense

strands of the stem of hairpin, separated by a spacer sequence that would form

the loop of the hairpin (Fig. 5.2).

5.4 Transformation Technologies for Site-Directed

Mutagenesis Strategy

The success of any attempt to achieve the gene knockout or silencing is depending

on the method of gene transfer by transformation (genetic transformation). It is an

indispensable technique for such studies and has provided powerful tools for

evaluating fungal gene functions. The transformation fungus can be achieved by

using two major methods, like protoplast transformation and Agrobacterium
tumefaciens-mediated transformation (ATMT).

5 Targeted Gene Disruption Tools for Fungal Genomics 93



Fig. 5.2 siRNA-mediated induced gene silencing. Three methods for siRNA-mediated induced

silencing of genes. (1) Vector-based siRNA induced silencing. A vector construct (inset) with a

short hairpin RNA (shRNA) insert downstream of a constitutive promoter is introduced into cell

via liposome-mediated transfection. The shRNA transcript comprises a self-complimentary

19–25 nt stem of sense and antisense strands and a 6 nt loop. The shRNA transcript is processed

by Dicer into siRNA. Dicer-siRNA complex is further accompanied by Argonaute which unwinds

duplex miRNA, forming an activated siRNA-induced silencing complex (siRISC). siRISC then

interacts with target mRNA leading to gene silencing by target mRNA degradation by endolytic

nucleases. (2) Silencing by dsRNAs. dsRNAs, usually longer than 30 nt, undergo processing by

Dicer and associate with Argonaute to form siRISC which follows a similar silencing pathway.

(3) Silencing by synthetic siRNA. siRNAs can be synthesized and transfected in its mature form,

which incorporate in RISC with Dicer and Argonaute and silence the targeted gene by mRNA

degradation
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Fig. 5.3 miRNA-mediated induced gene silencing. Two methods for miRNA-mediated induced

silencing of genes. (1) Vector-based miRNA induced silencing. A vector construct (inset) with a

pri-miRNA insert downstream of a constitutive promoter is introduced into cell via liposome-

mediated transfection. The pri-miRNA transcript is processed by endogenous Drosha-like nucle-

ase into miRNA precursor (pre-miRNA). The modified 30 end of pre-miRNA aids in transportation

to cytoplasm via Exportin-5 where it is further processed by Dicer into miRNA. Dicer-miRNA

complex is further accompanied by Argonaute which unwinds duplex miRNA, forming an

activated miRNA-induced silencing complex (miRISC). miRISC then interacts with target

mRNA leading to gene silencing either by translation inhibition or by target mRNA degradation

following decapping and deadenylation. (2) Silencing by miRNA mimics. Mimics are synthetic

mature miRNAs that can be directly transfected into the cell. In the cytoplasm, miRNA mimics

interact directly with Dicer and Argonaute forming miRISC which initiates gene silencing by
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5.4.1 Physical Methods of Fungal Transformation

5.4.1.1 Electroporation

Electroporation is the most common and popular physical technique for bacterial

transformation (Yoshida and Sato 2009). But it is also used in the transformation of

yeast and fungi. It uses strong electrical field to cells or tissues to transfer the DNA

inside the cells. It is a very simple, quick, and efficient transformation method as

compared to other methods, but still it needs appropriate adjustment in parameters

for each fungal species. Sometimes special treatment of fungal cells or tissues is

needed to achieve better results.

When pulsed or alternate electric fields are applied to living cells, it results in the

formation of pores due to polarity alteration on plasma membrane. This allows the

external DNAmolecules to enter inside the cell. Generally, voltage between 0.5 and

2 V is applied, and pore formation in membrane is considered to be formed due to

the transitory force of electrode formation produced by the electrostatic interaction

of the dipoles generated on the cells. The exogenous DNA is captured in cells

through these pores. The time and strength of the electrical pulse are the critical

factors for successful transformation. The success rate of electroporation is also

dependent on concentrations of DNA and tolerance of cells to membrane perme-

ation, and the heterogeneity of the cell population may also affect the electro-

transfection efficiency (Rivera et al. 2014). The major advantage of electroporation

lies in its applicability in all kinds of fungi and also in actively growing fungal cells

or frozen samples. Efficient protocols can be easily optimized with little efforts.

However, the major drawback is the low transformation efficiency due to electro-

physiological characteristics of the fungus.

The electroporator used for genetic transformation is a container with a slot

containing two parallel aluminum electrodes which are in contact with an aqueous

electrolyte, containing intact cells/protoplast in suspension and the DNA desired to

be incorporated into the cell. Commonly electrical pulses lasting from microsec-

onds to milliseconds with a voltage between 1 and 2 kV are used for fungal

transformation. But in some fungal species, increasing the field strength has been

reported to enhance transformation efficiency also. The transformation efficiencies

of fungi range from 103 to 106 transformants/μg of DNA (Rivera et al. 2014).

5.4.1.2 Biolistic Transformation

Biolistic transformation is popularly known as “particle bombardment” or the

“gene gun technique” of genetic transformation. This is one of the popular

Fig. 5.3 (continued) decapping, deadenylation, and ultimately degradation of target mRNA or by

obstructing the assembly of translational machinery
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transformation methods because of its universal usage (Rakoczy-Trojanowska

2002; Sanford 1988). It is very quick and less costly as compared to other methods

of transformation. The possibility of introducing multiple genes in one step can

only be easily done in this method (Rivera et al. 2014). In this system of genetic

transformation, some high-density carriers like gold and tungsten are coated

with DNA. The size of these carrier particles is kept smaller than fungal cells,

and so when they enter cells, the DNA also gets an entry. This technique was first

used for transformation in cereals in 1987 and since then is being regularly used in

plant, yeast, and algal species (Wang et al. 2013). The transformation efficiency of

this method depends on various parameters, like the number of cells bombarded, the

quantity of DNA-coated particles, the quantity of DNA on each particle, and the

particles’ kinetic energy. The regeneration efficiency of cells is also positively

correlated to transformation efficiency. According to the reports, the transformation

efficiencies in fungi by biolistics method range from 104 to 105 transformants/μg
of DNA.

Biolistics is being used by many researchers for site-directed mutagenesis. This

is a very useful method for genetic transformation of fungi as it does not need any

enzymatic removal of cell walls. The viability of cells is not reduced which results

in better regeneration. Another advantage of this method is the selection of tissues

for transformation. The tissues like conidia or mycelium can be transformed by

biolistics. However, the need for sophisticated device, particle gun, and the possi-

bility of high copy number of transgene are major limitations. Additionally, low

frequencies of transformation are commonly obtained.

The equipment used for transformation consists of two chambers—one with a

high pressure and second one with a low pressure. These chambers are separated by

a diaphragm in the middle that accelerates DNA-covered microparticles of gold,

tungsten, or platinum (Montanari et al. 2014). As the microparticles hit the cells, the

DNA molecules covering it are released and may be integrated into chromosomal

DNA of organism by adsorption mechanism. For fungal transformation the helium

gas pressure which ranges from 500 to 2000 psi is used, and the micro-projectiles

are accelerated to speeds of 400 m/s or higher in a partial vacuum of about

approximately 30 mm Hg. There is no need of vector-specific sequences; also

this method is not dependent on the electro-physical properties of cells. The

transformation parameters need to be modified specifically according to tissues or

species used. The possibility of introducing transgene at multilocus results in low

stability of transgene is a major disadvantage of this method, still the biolistics has

been used to transform many filamentous fungi (Table 5.1).

5.4.2 Biological Method of Transformation

The fungal transformation for site-directed mutations by biological method is based

on Agrobacterium tumefaciens-mediated transformation (ATMT). Agrobacterium
is a Gram-negative plant pathogenic bacterium, which has the ability to create
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crown gall tumors in plants. A. tumefaciens can transfer the T-DNA region (200 kb)

from the tumor-inducing plasmid (Ti plasmid) to the host plant nuclear genome.

The ATMT has long been used for genetic manipulation of a wide variety of higher

plants. In 1998, a method for the transformation of filamentous fungi was intro-

duced that was derived from the successful plant transformation system based on

the soil bacterium A. tumefaciens (de Groot et al. 1998). Recently, ATMT was

extended to molecular genetic studies of filamentous fungi (Sugui et al. 2005), most

of which showed markedly higher transformation frequencies than traditional

methods, such as the protoplast/PEG-mediated method. In addition, the majority

of the transformants obtained by ATMT showed integration of T-DNA at single-

locus T-DNA into the genome, which is advantageous for specific manipulation of

endogenous genes, e.g., targeted gene disruption and insertional mutagenesis.

ATMT is regarded as an efficient reverse genetics experimental tool for functional

genomics research in many filamentous fungi. Its application has been widely used

for studies involving gene knockout, overexpression, and complementation and

generating random integrations. At present, over 180 general binary vectors yield-

ing different degrees of adaptability or infectivity in the host have been successful

in fungal transformation (Frandsen 2011).

5.5 Conclusions and Prospects

Fungi—a class of lower eukaryotes—possess unique physiological features that

have been involved in beneficial and pathogenic reactions and consequently have

attracted the attentions of researchers. In the past, scientists all over the world have

made efforts for understanding the functional relationship of fungal genes by using

various molecular tools. The studies were planned for studying pathogenicity,

development, reproduction regulation, cell autophagy, and metabolic pathways

and seeking new interesting genes. Molecular tools like transformation by

Agrobacterium, electroporation, and gene gun were developed for plants/animals

and are now being commonly used for fungi. Methods for the construction of

random mutant libraries including ATMT were created and being used for analyz-

ing the phenotypes resulting from mutation in genes. Subsequently, RNA interfer-

ence technique which takes an advantage of biological process of regulating gene

expression was widely used. Novel gene editing techniques such as ZFNs and

TALENs were also used to elucidate the functions of genes. These molecular

tools for targeting gene expression have greatly enhanced the knowledge of fungal

genes’ functions. However, every tool discussed in this chapter has advantages and
limitations. One may be more suitable in one organism, but may be less in another.

Therefore, it is very important to choose a suitable tool and strategy for gene

silencing in different fungi. If anybody ignores the technological obstacles, it

may result in loss of time and labor. So systematic planning is necessary since

initial stages, to take advantage of current developments. The application of novel

techniques, such as comparative genomics, transcriptomics, proteomics, and
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metabolomics, will provide abundant information to allow us to better understand

the molecular mechanisms governing cellular processes and pathogenicity. Those

advances will open new doors to better engineer industrial strains and will certainly

contribute to the drug design against pathogenic fungi. In the future, the application

of functional genomics in filamentous fungi will be more broadly adopted. Further-

more, novel techniques with increased automation, extreme high efficiency,

decreased costs, and greater information content will likely be developed.
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Chapter 6

Polyphasic Approaches to Characterize
Mushroom Species

Neeraj Shrivastava, Vivek Kumar, Manoj Kumar, Binggan Lou,
Ajit Varma, and Shwet Kamal

Abstract Mushrooms are now very popular for dietary ingredients and valuable

medicinal biomolecules and are continuously harvested from wild resources. For

the investigation of a new species or isolates of a wild species, taxonomic identi-

fication is the first essential parameter. It is imperative that the organism is correctly

identified so that the experimental data becomes valid and may be used and

compared by other researchers. In different conditions, such as environmental

factors, inter-hybridization and individual morphologic bias, mushroom species

show a great variability in morphology and genetics, which make them difficult

for the correct identification. In the present scenario, classical identification (micro-

scopic and macroscopic comparison of morphological features) of fungi had been

replaced by molecular biological techniques, based on rDNA and rRNA, which

analyse and compare the ribosomal RNA (rRNA) genes from different fungal

isolates. In this chapter authors have tried to explain the molecular techniques

useful to characterize the mushroom species.
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6.1 Introduction

Mushrooms have been used by man for thousands of years, not only for food but

also for medicinal purposes, tools, tinder, dyes, perfumes, soap, decoration and

magic (Thoen 1982). The word mushroom may mean different things to different

people and countries. It was reported (Chang and Miles 1992) that specialized

studies and the economic value of mushrooms and their products had reached a

point where a clear definition of the term mushroom was warranted. In a more broad

sense “mushroom is a macrofungus with a distinctive fruiting body, which can be

either epigeous or hypogeous and large enough to be seen with naked eye and to be

picked by hand” (Chang and Miles 1992). This definition is not a perfect one but

can be accepted as a workable term to estimate the number of mushrooms on the

earth (Hawksworth 2001).

Mushrooms inspire awe in those encountering them. They seem different.

Neither plant-like nor animal-like mushrooms have a texture, appearance and

manner of growth on their own. Mushrooms represent a small branch in the

evolution of the fungal kingdom Eumycota and are commonly known as the “fleshy

fungi”. Most of the edible mushrooms are basidiomycetes with the exceptions of

the truffles and morels that are ascomycetes (Yun and Hall 2004). In fact, fungi are

non-photosynthetic organisms that evolved from algae (Chang and Miles 2004).

They include both edible/medicinal and poisonous species. However, originally,

the word “mushroom” was used for the edible members of macrofungi and “toad-

stools” for poisonous ones of the “gill” macrofungi. Scientifically the term “toad-

stool” has no meaning at all, and it has been proposed that the term is dropped

altogether in order to avoid confusion, and the terms edible, medicinal and poison-

ous mushrooms are used. Edible mushrooms once called the “food of the gods” and

still treated as a garnish or delicacy can be taken regularly as part of the human diet

or be treated as healthy food or as functional food. The extractable products from

medicinal mushrooms, designed to supplement the human diet not as regular food

but as the enhancement of health and fitness, can be classified into the category of

dietary supplements/mushroom nutraceuticals (Chang and Bushwell 1996). Dietary

supplements are ingredients extracted from foods, herbs, mushrooms and other

plants that are taken without further modification for their presumed health-

enhancing benefits.

The primary role of fungi in the ecosystem is decomposition, one organism in a

succession of microbes that break down dead organic matter. And although tens of

thousands of fungi are known, mushrooms constitute only a small fraction,

amounting to a few thousand species.
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6.2 Identification of Mushroom Species

For the investigation of a new species or isolates of a wild species, taxonomic

identification is the first essential parameter. It is imperative that the organism is

correctly identified so that when reference is made to published material, the

experimental data becomes valid and may be used and compared by other

investigators.

Here we are taking the example of polypore mushrooms. The term polypore is

often used as a collective name of the group accommodating all members of

Aphyllophorales with a poroid or tubular hymenophore. The high polymorphism

of polyporoid fungi morphology complicated the creation of a natural classification

of this group of fungi (Pegler 1973). The lack of unifying criteria contributed to the

taxonomic controversies (Corner 1983). The latter can be well illustrated by genera

Trametes, Tyromyces and Ganoderma. Species of these genera have a similar

habitat and are often found associated with the roots or trunks of conifers and

broad-leaved tree species. The genus Ganoderma was established by Karsten

(1881) based on G. lucidum (W. Curt.: Fr.) P. Karst. Donk (1964) created the

family Ganodermataceae on the basis of spore peculiarities. Different authors used
diverse criteria for the taxonomy of the genus (Steyaert 1972, 1980; Murril 1915).

However, the genus remains in a state of taxonomic chaos (Ryvarden 1994). Genera

Trametes and Tyromyces belong to the family Polyporaceae and are close to the

Ganoderma species. All three taxa are polyporoid fungi and are polymorphic in

basidiocarp morphology (Pegler 1973).

In different conditions, such as environmental factors, inter-hybridization and

individual morphologic bias, mushroom species show a great variability in mor-

phology and genetics, which make them difficult for the correct identification.

Besides morphological identification of species, a vast majority of techniques

have been used in the laboratory for the study of genetic diversity, such as isozyme

analysis (Lan et al. 1998), random amplified polymorphism DNA (RAPD) (Wang

et al. 2003), amplified fragment length polymorphism (AFLP) fingerprinting,

internal transcribed spacers (ITS) 25S ribosomal DNA sequencing technique

(Moncalvo et al. 1995a, b) and polymerase chain reaction restriction fragment

length polymorphism (PCR-RFLP) (Park et al. 1996). All these techniques identify

the species at genetic level. Isozymes are generally limited by the relatively low

levels of detectable polymorphism and might fail to identify cultivars, which differ

in only a few genes (Jarret and Litz 1986).

The DNA sequencing of ITS1-5.8SrDNA-ITS2 is frequently used for fungal

verification (Chen et al. 2003; Tuckwell et al. 2005). Although it proved to be

powerful in the verification of fungal species among diverse fungal species

(Tuckwell et al. 2005), it failed to discriminate variants within the strain (Zhang

et al. 2003).

At the level of study, it could show that, on the basis of morphological charac-

teristics, the identification of G. lucidum was not so easy. The various strains of

G. lucidum are different both morphologically and genetically and difficult to
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characterize the strainal differences because of their polyphasic approaches, habitat

and climate differences such as the environmental condition, altitude and vegeta-

tion which resulted in varied colour, shape, size and other morphological traits.

Molecular markers, especially DNA techniques, are quick and reliable to estab-

lish the identities of wild collections and are helpful in mushroom taxonomy.

Molecular techniques are becoming increasingly popular in the identification of

new fungal species. Numerous researches have been conducted for safe identifica-

tion and assessment of the genetic variability of medicinal mushrooms by use of

these techniques (Luo et al. 2005).

In the present scenario classical identification (microscopic and macroscopic

comparison of morphological features) of fungi had been replaced by molecular

biological techniques, based on rDNA and rRNA, which analyse and compare the

ribosomal RNA (rRNA) genes from different fungal isolates. These techniques

include ITS, RFLP, isozyme analysis (Gottlieb et al. 1998; Gottlieb and Wright

1999; Smith and Sivasithamparam 2000) and direct sequencing of the rRNA genes

(Hong et al. 2002; Moncalvo et al. 1995a, b; Smith and Sivasithamparam 2000).

These techniques lead to phylogenetic analysis of species. Information about the

evolutionary relationships between new and existing fungal species also analysed

with the use bioinformatics tools. These techniques exhibit high sensitivity and

specificity for identifying fungal strains and can be used for classifying these strains

at diverse hierarchical taxonomic levels (Sette et al. 2006).

6.3 An Approach to Study Molecular Systematics
of Mushrooms

The molecular data are very useful for the systematics in cases where, morpholog-

ical characters are conflicting, missing, ambiguous or overlapping. Graeme Down

(2002) writes about the usefulness of the molecular data in the phylogenetics of

fungi – how the DNA information is converted for the evolutionary trees. RAPDs,

RFLPs, AFLPs and microsatellites are the commonly used electrophoresis band

pattern method. Restriction analysis of the ribosomal DNA has, of late, been

extensively used in fungal taxonomy including Ganoderma.
PCR-based marker technologies offer the advantages of reduction in time, effort

and cost involved and are hence widely used in genome characterization. RAPD

technology provides researchers with a quick screen for DNA sequence-based

polymorphism at a very large number of loci (Williams et al. 1990). Khush et al.

(1991) first used the RAPD markers for fingerprinting the strains of A. bisporus and
analysis of genetic variability among wild and commercial strains.

Isozymes and RFLPs were the first molecular markers used for genetic analysis

in the button mushroom. These markers have been used for polymorphic study,

identification of homokaryons and confirmation of their hybrids (Castle et al. 1988).
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Amplified restriction length polymorphism (AFLP) is based on selective PCR

amplification of restriction fragments generated by specific restriction enzyme (Vos

et al. 1995). Microsatellites are also an important source of genetic marker due to

their highly polymorphic nature and wide dispersion in the genome.

6.3.1 Internal Transcribed Spacer

The use of modern methods such as ITS analysis and direct sequencing to inves-

tigate the gene coding for the production of 16S, 5.8S, 28S and 5S rDNA has

allowed assessment and comparison of phylogenetic relationship of organisms over

a wide range taxonomic level. Recent studies have demonstrated that polymor-

phism in internal transcribed spacer (ITS) regions of 5.8S rDNA has proved

adequate to improve systematic of a wide range of fungi.

The internal transcribed spacer (ITS) of nuclear ribosomal DNA (nrDNA) is a

particularly valuable marker for phylogenetic analysis at interspecific and

intergeneric level among fungi and other eukaryotes (Baldwin et al. 1995). The

ITS regions are probably the most important regions in fungi for molecular sys-

tematics within a genus. The popularity of ITS in fungal phylogeny derived from

several merits, such as biparental inheritance, universality, simplicity, intragenomic

uniformity, intergenomic variability, low functional constraint and high copy

number. The ITS is one of the widely accepted tool for identification of several

medicinal plants and fungi, such as G. lucidum and also extensively applied

molecular markers for fungal phylogenetic inference and genetic relatedness

(Álvarez and Wendel 2003; Biffin et al. 2007; Ngan et al. 1999; Kim et al. 2007;

Feng et al. 2010). It also has been successfully used as a genetic marker for

molecular validation.

The highly conserved ribosomal genes, which flank the ITS regions, are ideal for

universal primer targeting, and therefore the ITS regions can be amplified by PCR,

and these amplified sequences can be analysed and compared and evolutionary

trees can be produced. The ITS regions in fungi are highly variable, and this is

useful in distinguishing between Ganoderma species (Moncalvo et al. 1995a, b).

There have been many other workers who used this for establishing taxonomic

relationships within the Ganoderma species (Gottlieb et al. 2000; Smith and

Sivasithamparam 2000). The product of amplified ITS region can be restricted

using endonucleases, and thus it in combination with ITS sequencing can further

help in differentiation of variations (Zheng et al. 2009; Mir et al. 2010; Yang et al.

2010). ITS sequencing can be used to identify collections of the G. lucidum species

complex and would help in the identification of the pathogen, in determination of

host specificity and in distribution of virulent Ganoderma species (Hseu et al.

1996).

In contrast, the nucleotide sequence data from nuclear and mitochondrial rDNA

coding regions do not offer enough variation to infer phylogenetic relationships

betweenGanoderma species (Moncalvo 2000; Roberts 2004) and therefore are only
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useful at the genus level. Length of ITS PCR product is used for the identification of

the species, and for G. lucidum it is nearly between 750–800 bp as mentioned in

Moncalvo et al. (1995a, b) and Roberts (2004). Hence DNA sequencing of ITS1-

5.8S rDNA-ITS2 is frequently used for fungal verification. Although it proved to be

powerful in the verification of fungal species among diverse fungal species, it failed

to discriminate variants within the strain (Roberts 2004).

The nuclear-encoded ribosomal RNA genes (rDNA) of fungi exist as a multiple

copy gene family comprised of highly similar DNA sequences (typically from 8 to

12 kb each) arranged in a head-to-toe manner. Each repeat unit has coding regions

containing the genes for the small subunit (18S), 5.8S, and large subunit (25–28S).

Each unit is separated by one or more intergenic spacer (IGS) regions. In some

groups (mostly basidiomycetes and some ascomycetous yeasts), each repeat also

has a separately transcribed coding region for 5S RNA whose position and direction

of transcription may vary among groups.

During evolution the coding regions of the 18S, 5.8S and 28S nuclear rDNA

genes are highly conserved among fungi, and they show little sequence divergence

between closely related species and are useful for phylogenetic studies among

distantly related organisms (Roberts 2004). Within each repeat unit, the conserved

regions are separated by two internal transcribed spacers, ITS I and ITS II, which

show higher rates of divergence (Moncalvo et al. 1995b; Perlin and Park 2001;

Roberts 2004). It is these ITS regions that are now the most widely sequenced DNA

regions in fungi. Variable sequence regions in both the small (18S) and large (25S)

subunits of rDNA genes have also led to numerous molecular approaches that

provide rapid identification of fungal species (Perlin and Park 2001; Roberts

2004). Moncalvo et al. (1995a, b) and Smith and Sivasithamparam (2000) used

rDNA-ITS sequence to distinguish between isolates of Ganodermataceae
(Fig. 6.1).

According to Moncalvo et al. (1995a, b) who performed first time molecular

taxonomy for the family Ganodermataceae, the controversy which has been asso-

ciated with Ganoderma systematics in the past might be resolved with the use of

molecular techniques (Roberts 2004).

major rRNA transcript 5S RNA gene

Internal
transcribed
spacer (ITS)

regions

Intergenic
spacer (IGS)

regions

1 rDNA repeatunit

EcoR I

SSU (18S) RNA LSU (25–28S) RNA5.8S
RNA

5S
RNA

EcoR I BgI II
IGS 1 IGS2

Fig. 6.1 Three rDNA genes (adapted from Vilgalys lab, Duke University (http://sites.biology.

duke.edu/fungi/mycolab/primers.htm))
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6.3.2 Endonuclease Restriction Digestions

There are two important techniques for digestions of DNA with restriction endo-

nucleases, i.e. restriction fragment length polymorphism (RFLP) and random

amplified polymorphic DNA (RAPD). While restriction enzyme treatment of the

PCR amplified ITS regions can discriminate between most Ganoderma species

(Park et al. 1996), RAPD can be used to differentiate between isolates having

identical ITS sequences (Hseu et al. 1996).

PCR coupled with RFLP has been a useful tool in phylogenetic studies and is

now widely used for fungal phylogeny and taxonomy (Hughes et al. 2002; Miller

et al. 1999). PCR-RFLP was one of the first molecular approaches to approximate

the differences in species. This technique, which cleaves chromosomal DNA using

restriction endonucleases followed by separation of the fragments by gel electro-

phoresis, provides a measure of the genetics difference or relatedness between

organisms (Perlin and Park 2001).

RAPD is also another useful tool in molecular biology. Park et al. (1996)

analysed 28 isolates of Ganoderma by PCR-RFLP and RAPD and found that the

resulting phenograms of genetics relatedness showed similar patterns by the two

different methods, although slightly different bands were observed within the

G. lucidum group by RAPD. Hseu et al. (1996) further attempted to differentiate

isolates of the RAPD. During the RAPD analysis of G. lucidum complex, it was

observed that groupings based on this technique did not distinguish the same clades

as ITS data, and they suggested that RAPD might be helpful for systematic at the

lower taxonomic level that is unresolved by ITS sequence data.

Single-stranded conformational polymorphism (SSCP) is another technique that

has been used for taxonomic analysis of Ganoderma species. It is advantageous

over restriction analysis because it is less time consuming and more economical

(Gottlieb et al. 2000). In spite of being useful in determining variability, taxonomic

names determined using SSCP do not correspond with the current taxonomic status

of some taxa, particularly within the subgenus Elfvingia. These grouping were

found to be almost the same as those obtained with isoenzyme data (Gottlieb

et al. 1998).

6.3.3 Amplified Fragment Length Polymorphism

The AFLP technique is based on the PCR amplification of a fraction of restriction

fragments generated by the digestion of total DNA (Vos et al. 1995) and has merits

of RFLP and RAPD (Zabeau and Vos 1993; Vos et al. 1995; Wu et al. 2009a, b).

AFLP fingerprinting was used as a tool in biodiversity studies, analysis of germ-

plasm collection, genotyping of individuals, genetic distance analysis and genetic

mapping in many kinds of organisms, including edible medicinal fungi, such as

G. lucidum (Zheng et al. 2007), P. ostreatus (Meng et al. 2003), T. matsutake (Chen
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2004), L. edodes (Zhuo et al. 2006) and A. bisporus (Gu et al. 2003; Wu et al.

2009a). The AFLP technique has a wide application prospect in molecular biology,

genetics and breeding for edible medicinal mushroom. AFLP is used for the

establishment of genetic database, which could provide molecular evidence for

selection and breeding of eminent cultivars and genetic relationship in Ganoderma
(Wu et al. 2009a, b).

Based on the difference of strain’s fingerprint, AFLP can effectively distinguish

the genotypes of different strains, which could provide effective technical means

for quality control of cultivated strains and strain identification. AFLP has been

successfully used in identification of main cultivated species of shiitake. Thus

AFLP technique has a wide application prospect in molecular biology, genetics

and breeding for mushroom (Wu et al. 2009a, b).

6.3.4 Random Amplified Polymorphic DNA

Random amplified polymorphic DNA (RAPD) analyses were used to determine the

genetic relatedness within and between Ganoderma. RAPD are obtained by using

PCR equipment. These are generated by using ten bases oligonucleotides (at least

50 % G+C) as primer for PCR amplification of genomic DNAs from different

strains/species. Polymorphism is detected as the presence or absence of an ampli-

fication product. The amplified fragments are visualized under UV light following

by separation on an agarose gel and staining with ethidium bromide. RAPD-PCR is

one of the most sensitive and efficient methods currently available for

distinguishing between different strains of a species (Hseu et al. 1996; Wu et al.

2009a; Roberts 2004). RAPD-PCR has the potential to survey entire genomes, and

RAPDs may provide insights into organismal evolution that are overlooked by

single-gene comparisons. Combining RAPD-PCR and sequencing methods to

produce phylogenetic characters thus still may hold some promise in evolutionary

genetics and systematic; by determining the nucleotide sequences of randomly

amplified products, homologies between RAPDs could be inferred with greater

confidence, and nucleotide sequences that are variable in homologous RAPD

fragments could be used as phylogenetic characters. According to Sultmann et al.

(1995), such an approach was explored recently in cichlids and showed that the

RAPD-PCR technique followed by sequencing of selected fragments produced

phylogenetic characters. RAPD analysis generated more variable banding patterns

than PCR-RFLP analysis; this could be due to different capacities of the two

analyses to reveal variations. Having the characteristics of large quantity and high

sensitivity, RAPD takes the whole genome as a target and is suitable for the

identification of different species. But its stability is not satisfying. Ruey-Shyang

Hseu et al. (1996) studied RAPD analysis in Agaricus bisporus and evaluated the

RAPD grouping in comparison with ITS-based phyletic groups. Because RAPD

profiles are simpler and faster to produce than DNA sequences, they may present

several advantages for taxonomic identification and grouping of isolates in the
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G. lucidum species complex. The purpose of their study was to investigate the use

of RAPD profiles in the species complex for (i) differentiation of individual strains,

(ii) grouping and identification of isolates and (iii) systematics of taxonomic

aggregates that were unresolved by ITS sequence data (Hseu et al. 1996; Wu

et al. 2009b; Roberts 2004).

6.3.5 Restriction Fragment Length Polymorphism

It represents heritable difference in lengths of DNA fragments that are generated by

digestion with restriction endonuclease. It denotes that single restriction enzyme

produces fragments of different lengths from the same stretch of genomic DNA of

different strains of species or from different related species. An RFLP is detected as

a differential movement of a band on the gel lanes; each band is regarded as a single

RFLP locus. In particular, RFLP of nuclear internal transcribed spacer (ITS) has

been successfully used for taxonomy of mushrooms in conjugation with polymerase

chain reaction (PCR). In this technique, the chromosomal DNA cleaves by using

restriction endonuclease enzyme followed by separation of the fragments by gel

electrophoresis and provides a measure of the genetic difference or relatedness

between organisms (Perlin and Park 2001). PCR-RFLP has characteristics of good

stability and high repeatability, which are used in phylogenetic study of microbi-

ology. Its resolution is high in genera or genus, but the intraspecific polymorphism

is not satisfying (Hseu et al. 1996; Wu et al. 2009a, b; Roberts 2004).

Research also shows that it has good resolution in different species, but it cannot

reveal the difference between strains. RAPD is a more sensitive method than RFLP

because RAPD resolutes at different strain levels.

6.4 Conclusion

Mushrooms are widespread with potential economic importance and show a great

variability in morphology and genetics which make them difficult for their correct

identification. These isolates cannot be identified by traditional taxonomic methods.

Molecular markers, especially DNA techniques, are quick and reliable to establish

the identities of wild collections and are helpful in mushroom taxonomy. Molecular

techniques are becoming increasingly popular in the identification of new fungal

species.
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Chapter 7

Function-Based Metagenomics to Reveal

Rhizosphere Microbiome: A Glimpse

Devendra K. Choudhary and Ajit Varma

Abstract To unravel the perplexity of cultivation methodologies, several technical

efforts that involve molecular methods have been widely introduced. However, it is

not feasible to elucidate the wide presence of soil microorganisms employing

traditional approaches. Nowadays, a different approach has been employed, the

so-called metagenome (MG), to know the functionality of bulk and rhizospheric

soil, and later the result of comparative analysis on environmental MG was reported

and suggested that comparative MG approach can be an extremely valuable tool for

the characterization of complex microbial communities.

7.1 Introduction

Plant is a sessile organism which holds belowground with the help of roots per se,

and upon seed maturity the spermosphere becomes a rhizosphere (RS). An area

so-called RS is very close to the root with the range 1–10 mm and considered as a

functional niche (Fig. 7.1) (Hiltner 1904). The plant rhizosphere exhibits similarity

with animal intestine wherein root hairs and villus of intestine enhance the surface

area of cells that helps in the nutrient uptake. Besides, in both areas, a large number

of microorganisms play key roles in the decomposition of complex substances into

simpler ones along with the production of vitamins and hormone-like compounds.

The RS shows functional niche wherein quorum of microbes present and produce

benign/detrimental secretion known as the RS effect. It has been reported that more

than 99 % of microbial species present in soil are still refractory to cultivate

(Amann 1995).

To unravel the perplexity of cultivation methodologies, several technical efforts

that involve molecular methods have been widely introduced. However, it is not

feasible to elucidate the wide presence of soil microorganisms employing
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traditional approaches. Nowadays, a different approach has been employed, the

so-called metagenome (MG), to know the functionality of soil and RS, and later the

result of comparative analysis on environmental MG was reported and suggested

that comparative MG approach can be an extremely valuable tool for the charac-

terization of complex microbial communities (Edwards et al. 2006; Wegley et al.

2007; Krause et al. 2008; Schlüter et al. 2008; Diaz et al. 2009; Kr€ober et al. 2009).
For cultivation-independent analyses and exploitation of microbial communities

present in complex ecosystems, MG has paved the way for characterization of

microbes present in an ecosystem. In recent years, significant progress has been

made in the deployment of MG wherein MG has been proven to be a powerful tool

for the recovery of novel biomolecules. In most cases, functional MG comprising

construction and screening of complex MG DNA libraries has been applied to

isolate new enzymes and drugs of industrial importance. The developed MG

technologies have been employed to replace culture-based approaches and allow

the assessment and exploitation of the taxonomic and metabolic diversity of

microbial communities on an ecosystem level (Handelsman 2004).

7.2 Function-Based MG and Rhizosphere

The sequence-based MG has been used to characterize members of gene families

wherein target genes are identified either by employing PCR-based or

hybridization-based approaches and probes derived from conserved regions of

known genes and gene products (Daniel 2005). It is not selective for full-length

genes and functional gene products, and the advantage includes the independence

on gene expression and production of foreign genes in the library host (Lorenz et al.

2002). Function-driven screening of MG libraries is free of sequence information/

Rhizospheric 
soil

RS: a narrow zone with range 
1-10 mm around root

Fig. 7.1 Pictorial of RS
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similarity to exist genes, and this is the approach that bears the potential to explore

novel classes of functional genes (Heath et al. 2009). A major stringent of this

technique is the use of foreign host Escherichia coli on the expression of the target

genes and production of functional gene products. Hence, in function-based screen-

ing MG approach, only full-length genes and functional gene products have been

detected. The three types of function-drivenMG approaches have been employed to

libraries that involve (1) detection of definite phenotypes of individual clones,

(2) heterologous complementation of host strains and/or mutants and (3) induced

gene expression (Fig. 7.2 and Table 7.1).

The functional MG libraries have been characterized by various researchers to

identify enzymatic functions of individual clones by adding different substrates into

the growth medium (Ferrer et al. 2009). This approach involves the detection of

recombinant E. coli clones that showed protease activity in medium containing

skimmed milk as protease substrate (Waschkowitz et al. 2009) and lipolytic activity

in solid medium containing tributyrin/tricapryl as enzyme substrates (Heath et al.

2009). A varied MG approach has been used for host strains that require heterol-

ogous complementation by foreign genes for growth under selective conditions

wherein a high selectivity of the screen is achieved. In the recent time the identi-

fication of DNA polymerase-encoding genes from metagenomics libraries derived

from microbial communities present in glacier ice has been characterized (Simon

et al. 2009). Furthermore, this approach has been employed for the detection of

genes encoding Na+/H+ antiporters (Majernik et al. 2001), antibiotic resistance

(Riesenfeld et al. 2004), enzymes involved in poly-hydroxybutyrate metabolism

(Wang et al. 2006) and lysine racemases (Chen et al. 2009).

In the third type of function-based MG approach, Uchiyama et al. (2005)

introduced a substrate-induced gene expression screening system (SIGEX) for the

identification of novel catabolic genes wherein an operon-trap expression vector

(a promoterless green fluorescent protein; gfp) was employed for cloning of envi-

ronmental DNA. A similar screening strategy termed metabolite-regulated expres-

sion (METREX) has been developed together with fluorescence microscopy-

mediated identification of positive fluorescent clones (Williamson et al. 2005).

Now it is consensus that MG approach has been employed to characterize plant

MG DNA from an ecosystem Construc�on of MG libraries

Func�on-based MG screening

(1)Phene�c detec�on
(2)heterologous complementa�on
(3)induced gene expression (SIGEX/METREX)

Analysis of obtained target genes

Characteriza�on of targeted gene products

Fig. 7.2 Deployment of function-based MG approach
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growth-promoting rhizobacteria (PGPRs) in RS. There are two steps for RS

wherein MG involves in finding out the exploration of PGP genes and their products

and the characterization of non-cultivable PGPRs. The MG approach has been

employed to define bulk and RS soil with the same challenges (Daniel 2005). The

relative low accessibility of initial sample may be the major obstruction in the

construction of a MG library from RS soil DNA. To obviate this problem, a sample

Table 7.1 Function-based MG-derived biomolecules

Gene involved

Screening

strategy Source

Screened

clones References

Cyclodextrinase Phenetic Phagemids 200,000 Ferrer et al. (2005)

Beta-lactamase Phenetic Fosmids 8823 Song et al. (2005)

Quorum sensing

inducer/inhibitor

METREX BACs and

fosmids

52,500

and 300

Williamson et al.

(2005)

Aromatic hydrocarbon

Catabolic operon

fragments

SIGEX Plasmids 152,000 Uchiyama et al. (2005)

Lysine racemase Heterologous

complementation

Plasmids – Chen et al. (2009)

Poly-3-

hydroxybutyrate

metabolism

Heterologous

complementation

Cosmids 45,630 Wang et al. (2006)

Antibiotic resistance Heterologous

complementation

BACs and

plasmids

28,200

and

1,158,000

Riesenfeld et al. (2004)

Na+/H+ antiporters Heterologous

complementation

Plasmids 1,480,000 Majernik et al. (2001)

DNA polymerase I Heterologous

complementation

Plasmids

and

fosmids

230,000

and 4000

Simon et al. (2009)

Antibiotics Phenetic Cosmids – Brady and Clardy

(2004)

Xylanase Phenetic Phagemids 5,000,000 Lee et al. (2006)

Amidase Heterologous

complementation

Plasmids 193,000 Gabor et al. (2004)

Agarase Phenetic Cosmids 1532 Voget et al. (2003)

Protease Phenetic

Phenetic

Plasmids

Fosmids

80,000

30,000

Waschkowitz et al.

(2009) and Lee et al.

(2007)

Cellulase Phenetic

Phenetic

Phagemids

Cosmids

385,000

32,500

Rees et al. (2003) and

Feng et al. (2007)

Esterase Phenetic

Phenetic

Fosmids

Phagemids

5000

385,000

Rhee et al. (2005) and

Rees et al. (2003)

Lipase/esterase Phenetic Plasmids 1,016,000 Henne et al. (2000)

Lipase Phenetic

Phenetic

Fosmids

Cosmids

>7000

10,000

Hårdeman and Sj€oling
(2007) and Wei et al.

(2009)
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should contain 1–10 g of soil recovered from 50 to 500 cm of root material

(Jacobsen 2004). Researchers have developed methodologies to recover endophytic

DNA for MG analysis, e.g. Jiao et al. (2006) employed enzymatic hydrolysis of

plant tissues to recover DNA for cloning and deployed to the exploration of

microbes for MG in the RS. The MG used for in vitro activity assays to exploit

gain-of-function screenings of MG library from RS DNA, e.g. antibiosis to phyto-

pathogens by testing whole-cell library clones. Several researchers have employed

this assay to soilborne pathogens, e.g. Erwinia, Xanthomonas, Fusarium, Rhizoc-
tonia, Phytophthora and Pythium (Emmert et al. 2004; Rangarajan et al. 2003;

Chin-A-Woeng et al. 1998; Kim et al. 2006). Amongst functional attributes of

PGPRs, researchers have employed MG library to characterize indole-3-acetic acid

(IAA), cytokinins and their metabolites, genes for nitrogen fixation, exploration of

RS exudates, 1-aminocyclopropane-1-carboxylate (ACC) deaminase, chitinase,

solubilization of mineral phosphate, halotolerant cellulose and siderophore produc-

tion (Glick et al. 1998; Timmusk et al. 1999; Rodriguez et al. 2000; Lee et al. 2003;

Leveau and Lindow 2005; Tejera et al. 2005; Leveau et al. 2006; Voget et al. 2006).

The MG has been employed to understand the key metabolic processes that

involved in soil phytic acid utilization. The MG analysis revealed changes in the

relative abundance of the bacterial strains that enhance plant growth and phytic acid

utilization together with gene clusters, namely, alkaline phosphatase and citrate

synthase, with the phytic acid utilization status of the plant (Unno and Shinano

2013). In addition, MG approach has employed to assess microbial community

composition and function in a constructed receiving surface water. Upon use of

MG, it was estimated that the diversity of the microbial community of rhizosphere

soil was found to be significantly greater than that of the wetland influent water.

Functional analysis revealed a number of biodegradation pathways associated with

14 xenobiotic compounds that were identified in soil. Bai et al. (2014) found that the

biological oxidation of Mn2+ in the influent water yielded insoluble Mn4+, which

subsequently precipitated and was incorporated into the wetland soil. These data

showed that the use of MG analysis provided important new insights for the study

of wetland ecosystems wherein how biologically mediated transformation used to

reduce contamination of waste water (Bai et al. 2014). The MG approach was

applied to investigate the bacterial diversity associated with the rice rhizosphere

from a paddy field ecosystem in Kerala. Sequence analysis of 16S rRNA clones

indicated a high diversity in the rhizosphere bacterial community with the majority

of microbes being closely related to the Proteobacteria. Only a small fraction of the

16S rRNA sequences were highly similar to rRNA sequences from Acidobacteria,
Firmicutes and Bacteroidetes groups. Since rhizosphere-associated microbes pos-

sess diverse metabolic capabilities and play a crucial role in plant health, knowl-

edge on their community structure is imperative for the proper understanding of

their individual roles, and metagenomics holds the promise to reveal several

important questions regarding the unculturable fraction of the rhizosphere commu-

nity (Arjun and Harikrishnan 2011).
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7.3 Conclusions

Hence, MG approach is worthwhile to characterize functional microbial diversity in

an environmental sample recovered from RS along with bulk soil with a particular

function of interest.
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Chapter 8

Biological Indicators for Soil Health:

Potential for Development and Use

of On-Farm Tests

Jwad E. Mahdi, Lynette K. Abbott, Natasha Pauli,

and Zakaria M. Solaiman

Abstract Agricultural sustainability can be supported by monitoring soil quality.

Laboratory soil tests are available to assess a range of soil chemical, physical, and

biological characteristics. Farmers can also monitor the state of their soil according

to its general appearance and response to disturbance. Soil organisms have signif-

icant roles that contribute to the sustainability of agricultural systems. While

on-farm tests for assessing the abundance and diversity of larger soil fauna (e.g.,

earthworms and other macrofauna) are available, on-farm tests for soil mesofauna,

microfauna, and microorganisms are not commonly used. Adaptation of laboratory

methods for quantifying soil mesofauna and arbuscular mycorrhizal (AM) fungi

have potential for on-farm assessment by farmers. This chapter focuses on these

two groups of soil organisms because of their multifunctional contributions to

physical, chemical, and biological components of soil fertility. Soil processes in

which soil mesofauna and AM fungi are involved include stabilization of aggre-

gates. Several laboratory-based methods are available for quantifying soil

mesofauna and AM fungi which can be adapted for use on-farm by farmers. Farmer

motivation for investigation of soil health could lead to more sustainable land use if

contributions of soil organisms are optimized. Existing farmer knowledge of soil

chemical and physical characteristics based on off-farm soil tests and their use
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could be complemented by local knowledge of soil biological characteristics,

especially those that involve soil mesofauna and AM fungi.

8.1 Introduction

The world population is increasing every year, leading to a greater demand for food

(Pretty and Hine 2011). This increases the likelihood of problems such as soil

degradation that present a major environmental threat to sustainability and produc-

tive capacity of cropping land (Pimentel et al. 1995). Soil health has been defined as

the capacity of soil to function within land-use constraints while maintaining

agricultural production (Idowu et al. 2008). Therefore, improvements in soil health

can contribute to enhancing water and air quality, as well as plant and animal health

(Romig et al. 1995). Soil organisms have roles in the development and maintenance

of soil structure, nutrient cycling, and various interactions with roots (Lee and

Pankhurst 1992). Arbuscular mycorrhizal (AM) fungi, common components of the

microbial soil community, mediate soil-to-plant transfer of nutrients especially

phosphorus via their extraradical hyphae in phosphorus-deficient soils (George

et al. 1995). They can also contribute to retention of carbon in soil (Olsson 1999;

Pinton et al. 2007; Solaiman 2014) and to enabling plants to access water under

drying soil conditions (see review by Mickan 2014). Soil fauna contribute to

nutrient cycling as well as to improving soil structure (Briones 2014; Six et al.

2004). However, soil mesofauna and AM fungi are rarely monitored as indicators of

soil health using routine laboratory tests (Abbott and Lumley 2014; Paz-Ferreiro

and Fu 2016; Romig et al. 1995).

An assessment of biological characteristics of soil with a selection of indicators

is needed, but determining the effectiveness of using soil organisms as indicators is

not straightforward (Doran and Zeiss 2000; Paz-Ferreiro and Fu 2016). Although it

may be possible to characterize extremes of soil health, it is more difficult to

discriminate among soils of intermediate status (Romig et al. 1995). Some soil

health properties can be assessed by direct observation (Kilpatrick et al. 1999). For

example, a healthy soil may appear well structured and contain an abundance of

earthworms (Romig et al. 1995). In contrast, an unhealthy soil may be compacted

and have few earthworms (Romig et al. 1995). Such characterization of soil is

complemented by assessment of soil macrofauna on-farm (Lobry de Bruyn 1997).

This chapter considers the practicality of including on-farm tests for soil mesofauna

and AM fungi in assessments of soil health because of the significant roles these

organisms make to the development and maintenance of soil structure and other

components of soil fertility (Lee and Pankhurst 1992; Pinton et al. 2007).
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8.2 Soil Biological Fertility

Soil biological fertility, a contributor to soil health, has been defined as the capacity

of organisms living in soil to contribute to the nutritional requirements of plant and

foraging animals while also maintaining the biological processes which improve or

positively contribute to the physical and chemical state of the soil (Abbott and

Murphy 2003). It is an essential component of agricultural systems as it influences

nutrient release from organic matter during its decomposition, nutrient uptake by

plants in association with mycorrhizas, and soil structure in parallel with chemical

and physical soil properties (Abbott and Manning 2015).

Enhancing soil biological fertility could provide considerable benefits to agri-

cultural soils because of its interconnection with soil chemical and soil physical

fertility (Juarez et al. 2013; Siddiky et al. 2012). By focusing on establishing

healthy soil conditions for plant growth with diverse microbial communities, it

has been claimed that plants will be more resilient to disease (Altieri and Nicholls

2003). There is considerable potential for further investigation to identify how

naturally occurring microbial communities can be managed to suppress pathogens

(Podolich et al. 2015). Nutrient inputs from mineralization of soil organic matter

can increase the resilience of agricultural crops to insect pests via biological

processes which provide crop plants with potentially more balanced nutrition

(Fang et al. 2012; Stirling et al. 2012), especially by moderating high levels of

fertilizer N which can increase susceptibility to foliar pests (Altieri and Nicholls

2003; van Bruggen et al. 2015).

Soil fauna, microorganisms, roots, and organic matter interact to contribute to

aggregation formation and stabilization in the soil (Rillig et al. 2015). Aggregation

of soil particles physically protects soil organic matter and alters the structure of the

soil microbial community by mediating the flow of water and oxygen, further

influencing soil organic matter dynamics and nutrient cycling (Six et al. 2004).

Earthworms (Satchell 1971) have received considerable attention in relation to soil

aggregation (Spurgeon et al. 2013). They contribute to the formation of soil

aggregates by burrowing and cast formation in soil and within burrows, and they

redistribute nutrients, especially nitrogen, making them more available to plants

deeper in the soil profile (van Groenigen et al. 2014).

According to their size, soil fauna comprise highly diverse groups (Handa et al.

2014; Sylvain and Wall 2011) which are generally categorized as (1) microfauna

(<100 μm in width), which include protozoa and nematodes; (2) mesofauna

(100–2000 μm in width), which include collembola, mites, and enchytraeids; and

(3) macrofauna (>2000 μm in width), which include earthworms and termites. The

activities of soil fauna are related to their size. Soil microfauna have limited ability

to modify soil structure whereas soil mesofauna are larger and have greater capacity

to influence processes involved in the formation of soil aggregates (Gregorich et al.

1997). Soil macrofauna redistribute organic residues in soil and expose a greater

surface area for microbial decomposition and influence the macropore structure

(Gregorich et al. 1997) and facilitate water infiltration (Neher 1999). Soil
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mesofauna can regulate microfaunal and fungal populations and also contribute to

fragmentation of organic residues (Gregorich et al. 1997). Feeding activities of soil

fauna can regulate soil microbial community structure (Bardgett and Chan 1999)

and abundance (Sackett et al. 2010). Therefore, while there is potential for soil

fauna to be used as an indicator of soil quality (Six et al. 2004), soil mesofauna have

generally been excluded from on-farm tests.

AM fungi are major components of the microbial community in soil. Most

species of these fungi have the capacity to colonize roots of a wide range of plants,

but they may differ in their effectiveness in promoting nutrient uptake by plants

(Smith and Read 2008). They may also help plants withstand environmental stress

including drought (e.g., Mickan 2014), salinity (e.g., Juniper and Abbott 1993), and

heavy metals (e.g., Hildebrandt et al. 2007) and reduce the impact of root pathogens

(e.g., Chandanie et al. 2006). It has been suggested that AM fungi account for

5–50 % of soil microbial biomass (Olsson 1999) which varies depending on the

extent to which the fungi colonize roots and form hyphae in soil (Abbott and Gazey

1994). Based on the ubiquity of AM fungi in agricultural soils and their role in soil

biological, chemical, and physical components of soil fertility, it has been

suggested that they could have potential as a potential indicator of soil health

(Abbott and Lumley 2014). Their abundance can be influenced by common agri-

cultural practices such as fertilizer application, especially phosphorus (e.g., Smith

and Smith 2011), tillage (e.g., Brito et al. 2012), and crop rotation (e.g., Reen et al.

2014). They may respond more rapidly to changing soil conditions associated with

agricultural management practices than many other potential indicators of soil

quality (Milton et al. 2002). Despite the difficulties in quantifying their contribu-

tions in soil (Gazey et al. 2004; Abbott and Lumley 2014), the potential of AM

fungi as an indicator of soil health requires further consideration as a component of

on-farm tests of soil health for use by farmers. This is because of their marked

responsiveness to changes in agricultural practiceas well as their contributions to

many components of soil fertility.

8.3 Biological Measurements of Soil Health

Soil quality has been described as “the capacity of a soil to function within the

ecosystem boundaries and to interact positively with surrounding ecosystems,” and

quantitative formula can be used for assessing soil quality that can help determine

how soils responded to various management practices (Karlen et al. 2003). Factors

that are used to assess biological soil quality include (1) root health assessment,

(2) organic matter content, (3) beneficial nematode population, (4) parasitic nem-

atode population, (5) potential mineralizable nitrogen, (6) decomposition rate or

organic matter, (7) particulate organic matter, (8) active carbon test, (9) the weed

seed bank, (10) microbial respiration rate, and (11) glomalin content (Karlen et al.

2003). In addition, measurement of microbial biomass (Brookes et al. 1985; Vance

et al. 1987; Ananyeva et al. 2011) and plant disease (Chiang et al. 2014; Poole et al.
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2015) can be used as indicators of the biological state of soil. Whether or not any of

these factors can be used as indicators of soil health depends on the availability of

well-defined baselines for each measurement according to the soil type and envi-

ronmental conditions. Online facilities are widely available to provide farmers with

information about healthy soils (Idowu et al. 2008; Table 8.1), with generally less

attention to on-farm tests of biological characteristics for use by farmers to monitor

their own soils. There are many soil health packages available for on-farm use, in

addition to those available commercially. Some, but not all, include one or more

measures of soil biological characteristics such as soil respiration, earthworm

abundance, and larger soil animal abundance (see for example websites of the

USDA Natural Resource Conservation Service (USA), Northern Rivers Soil Health

Card, NSW Department of Primary Industries (Australia), Victorian Resources

Online, Victorian Department of Economic Development, Jobs, Transport and

Resources (Australia), Soil Health Environmental Health Card, Ministry for the

Environment (New Zealand)). The emphasis in these packages is on physical and

chemical components of soil health. However, the two examples included in

Table 8.1 include greater emphasis on soil biological characteristics and require

assessment off-farm.

The application of farmers’ knowledge of soil fertility using a range of potential
indicators includes crop yield, soil depth, drainage, moisture, manure requirements,

water source, slope, and weed abundance (Desbiez et al. 2004). Farmers who wish

to maximize the benefits of soil biological fertility rely more on strengthening the

capability of the soil to contribute to ecosystem services, reducing fertilizer inputs,

and choosing rotations and tillage practices that minimize soil and nutrient loss

(Bardgett and McAlister 1999; Bhardwaj et al. 2011). Such systems can alter the

activities of beneficial soil organisms and increase the relative reliance on soil

biological processes (Abbott and Manning 2015). As well as adaptation of

approaches to assessment of soil macrofauna (Gollan et al. 2013; Lobry de Bruyn

1997, 1999) for on-farm use, adaptation of methods for assessing the presence of

mesofauna in soil and arbuscular mycorrhizal fungi in roots offers opportunities for

on-farm monitoring of other soil organisms that have important contributions to soil

health which are modified by soil management practices.

Table 8.1 Two examples of comprehensive approaches to monitoring soil health and soil quality

(off-farm testing) which include a focus on soil biological fertility. There are many commercial

soil-testing programs available for off-farm analysis of soil chemical, physical, and biological soil

characteristics which differ in their emphasis on soil biology

Organization Website

Cornell Soil Health (USA) http://soilhealth.cals.cornell.edu/

Soilquality Program (Australia) http://www.soilquality.org.au/
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8.3.1 On-Farm Measurements of Soil Mesofauna

There are numerous methods available for measuring mesofauna in soil, but they

primarily depend on equipment available in laboratories. However, a simple and

portable Tullgren funnel apparatus can be made that is suited to on-farm use, and in

combination with the use of a dissecting microscope or a digital microscope

connected to a computer, it is now feasible for farmers to monitor soil mesofauna

(Tables 8.2 and 8.3). This complements on-farm quantification of macrofauna (such

as earthworms, spiders, beetles, and ants). The Monitoring Soil Science Program

developed by SPICE at the University of Western Australia for use in schools, and

adapted by Wheatbelt Natural Resource Management for use by farmers, is suitable

for monitoring mesofauna on-farm (Table 8.2). Modification of the Tullgren/

Berlese Funnel methods for assessing soil mesofauna is available for use by farmers

with online support of the On-Farm Soil Monitoring Handbook to complement

off-farm soil chemical tests (Wheatbelt Natural Resource Management, Western

Australia—see Table 8.2). Over time, this can provide a platform for further

discussion of soil health, adaptive management based on sharing of local knowl-

edge, and group learning (Kilpatrick et al. 1999).

Methods for sampling and quantification of soil mesofauna were developed

many years ago (Table 8.3), but recent access to digital microscopes makes them

very suitable for on-farm monitoring. Careful consideration needs to be given to

problems that may be associated with sampling, seasonal variation, heterogeneity,

variability in effectiveness of sampling various groups of soil mesofauna, and

appropriate times of sampling (Table 8.3). If these issues are addressed, there is

an opportunity for on-farm monitoring of the general diversity and dynamics in

abundance of soil fauna in relation to land use and the stage of development of

crops, pastures, and perennial plants, in broadacre as well as horticultural environ-

ments such as orchards and vineyards. This approach complements off-farm com-

mercial assessment of other soil biological characteristics, as well as commercial

assessment of chemical and physical characteristics of soil, and contributes to

building a stronger local knowledge foundation to observation and decision-making

by farmers and their advisors.

Table 8.2 Examples of approaches to monitoring mesofauna and AM fungi in soil developed for

on-farm use by school students and farmers in Western Australia as part of comprehensive

programs for monitoring soil health

Monitoring soil

mesofauna Organization Website

Monitoring Soil Science

Program for schools in

Western Australia

SPICE Program, Centre for

Learning Technology, The Uni-

versity of Western Australia

http://www.news.uwa.edu.au/

201202224365/earth-and-envi

ronment/global-soil-project-

schools-takes-root/

On-Farm Soil Monitor-

ing Handbook

Wheatbelt Natural Resource

Management, Western Australia

http://www.wheatbeltnrm.org.

au/what-we-do/sustainable-agri

culture/farm-soil-monitoring
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8.3.2 On-Farm Measurements of Arbuscular Mycorrhizal
Fungi

There is no tradition of on-farm assessment of AM fungi in roots of agricultural

plants by farmers. One reason for this is because of the potentially difficult pro-

cedures required for staining roots and the lack of access to a suitable microscope.

Roots of plants differ in the ease with which their cellular cytoplasm can be cleared

to facilitate the staining of AM fungal structures (hyphae, arbuscules, and vesicles)

without background staining of the roots (Brundrett et al. 1984). In combination

with the on-farm monitoring of soil mesofauna discussed above, an approach to

monitoring AM fungi on-farm has also been developed (Table 8.2). This involves

incorporation of staining methods that do not use the toxic chemicals that are

traditionally used in research laboratories (Table 8.4). An advantage of on-farm

monitoring of AM fungi is that local knowledge of potential effects of agricultural

practices, including crop rotation, will be increased. Furthermore, there will be

greater awareness of potential pitfalls of introducing nonlocal AM fungi (Schwartz

et al. 2006) and the management practices that build and maintain effective

communities of AM fungi (Abbott and Robson 1991).

Table 8.3 Examples of methods for assessing soil mesofauna

Organisms

assessed Methodology Key features of method Reference

Assessments

include soil

collembola and

mites

Flotation method, Tullgren/

Berlese Funnel methods,

including use of different

temperatures

Describes a range of

methods

No single method is suitable

for all soils and situations.

Considers seasonal variation

Macfadyen

(1953)

Macfadyen high gradient can-

ister apparatus

Considers seasonal variation

and issues related to

collecting live and dead

fauna

Leinaas

(1978)

Modified Tullgren Funnel Considers heterogeneity of

sites and sampling issues

Wood

(1967)

Tullgren funnels and a high-

gradient apparatus and heating

system

Considers recovery success

among samples

Marshall

(1972)
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8.4 Potential for Farmer Use of Soil Tests

Farmer motivation for investigation of soil health is generally based on a desire to

improve productivity in a sustainable manner and involves an integrative assess-

ment of soil physical, biological, and chemical components of soil fertility (Idowu

et al. 2008; Lima et al. 2011). In this context, soil health is best assessed through soil

properties that are sensitive to changes in management practices such as tillage,

traffic patterns, crop rotation practices, cover crops, and organic matter additions

that strongly influence the components of soil quality and thus crop performance

(Idowu et al. 2008).

To design more appropriate research and to facilitate communication with

farmers, there is a need to understand farmers’ knowledge, perceptions, and assess-
ments of soil fertility. This can be achieved using interviews with the farmers to

gain insight into their knowledge of soil (Lobry de Bruyn and Abbey 2003), local

methods used to assess the fertility status of a field, and perceived trends in soil

fertility (Desbiez et al. 2004). An understanding of soil biological fertility within

the farming community is a significant factor in the implementation of management

practices that maintain and improve soil quality.

Farmer motivation for investigation of soil biological fertility has increased

because changes in customer requirements contribute to farmer interest in changing

their management practices. For example, the increased demand by consumers for

organic food has increased the interest of some farmers in soil health and has led to

reduced or more efficient use of chemical fertilizers. It is less clear whether this will

lead to improved farm business efficiency (and hence profitability) and improved

farm business viability (Kilpatrick et al. 1999).

Pressures for farmers to change their practices may arise from public concern

about land and water management. The fear of change in government support to

agriculture and associated changes in prices related to changes in consumer taste

Table 8.4 Examples of methods for assessing arbuscular mycorrhizal (AM) fungi in roots

Soil

organisms

assessed Methodology Key features of method Reference

AM fungi

in roots

Trypan Blue after

clearing roots

Trypan Blue and phenol are toxic. Less

toxic and nontoxic substitutions are

available

Phillips and

Hayman

(1970)

Ink and Vinegar This simple method can be adapted for

use by farmers on-farm

Vierheilig

et al. (1998)

Chlorazol black E Widely applicability for a variety of dif-

ferent plant hosts

Brundrett

et al. (1984)

3,30-diaminobenzidine

(DAB)

New method tested in various plant roots Kobae and

Ohtomo

(2015)

For more details of methods for staining roots to assess AM fungi, see: http://mycorrhizas.info/

method.html, http://invam.wvu.edu/methods/mycorrhizae/staining-roots
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can affect implementation of practices that improve soil biological fertility. Climate

change also affects soil biological processes (Allen et al. 2011; Karlen et al. 2003).

Education and training assists farmers to implement changes in their agricultural

practice. A survey of 2500 farm businesses showed that greater participation in

training, including farmer workshops, led to increased profitability (Kilpatrick et al.

1999). Further evidence of farmer interest in soil health is demonstrated through

publications that address alternative farming practices (Romig et al. 1995). Farmers

need to learn about reliability of on-farm as well as off-farm soil tests for monitor-

ing trends in soil health and this will increase their awareness of how agricultural

practices influence soil health (Lobry de Bruyn and Abbey 2003).

8.5 Conclusions

Soil organisms make multifunctional contributions to improving physical soil

quality (e.g., via soil aggregation), chemical soil quality (e.g., via cycling of

nutrients from organic matter), and biological soil quality (e.g., via avoidance of

plant disease). While farmers understand the importance of soil organic matter, but

they may be less aware of the roles of soil fauna and mycorrhizal fungi in the

development and maintenance of soil structure and soil fertility. Therefore, devel-

opment of on-farm soil tests for monitoring soil mesofauna and mycorrhizal fungi

would complement existing tests such as those used to measure soil respiration and

earthworm abundance. Based on the studies of how farmers learn (Kilpatrick et al.

1999), it is hypothesized that farmers could expand their own assessment of soil

health to include monitoring of soil mesofauna and mycorrhizas. A more compre-

hensive package of methods for monitoring soil biological characteristics of soil

on-farm would help farmers expand their knowledge of how the agricultural

practices they use influence soil health.
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Chapter 9

Mycotoxin Biosynthetic Pathways: A

Window on the Evolutionary Relationships

Among Toxigenic Fungi

Antonia Susca, Antonio Moretti, and Antonio F. Logrieco

Abstract Mycotoxin biosynthetic pathway involves many genes which are often

clustered and co-expressed in particular conditions. These gene clusters also evolve

rapidly and can also be transferred horizontally among species. However, the

mechanisms of such mycotoxin cluster origin and assembly still remains a matter

of speculation. It has also been studied that the growing number of available

genome sequences now enables of predicting novel secondary metabolite clusters

and taking a phylogenomic approach to the evolutionary origins of these clusters.

The studies on regulatory pathways on control of fungal development and biosyn-

thesis of natural products will open up new broad and exciting fields of applications

in which the production of beneficial natural products could be enhanced and the

production of those with deleterious effects could be reduced or eliminated.

9.1 Introduction

Mycotoxins are secondary metabolites (SM) produced by filamentous fungi and

represent natural deleterious contaminants of food and feed products, pointing out

health risk to humans and animals throughout the world, with a great negative

impact on the world economy. A huge number of filamentous fungi, mostly

belonging to the genera Aspergillus, Fusarium, and Penicillium, have been

described as producers of the major mycotoxins that are subjected to regulation

by several countries. There is evidence that mycotoxins, similarly to other SM, are

compounds putatively helpful but not necessary for survival and whose production

is presumably costly to maintain. Some compounds might play a role as virulence

factors, or their presence could give a competitive advantage to the producing
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organism or enhance the survivability of spores, and therefore influence the devel-

opment of the producing organism and members of the same species, perhaps

enhancing the fitness of a given community/species.

Several studies have been conducted and are in progress, to better understand the

molecular mechanisms of biosynthesis of mycotoxins and the relative regulatory

steps controlling toxigenesis. The elucidation of the genetic mechanisms that

operate in response to different environmental factors is of particular importance,

since some of these responses are adaptations that allow these fungi to colonize

plants leading to mycotoxin contamination of crops.

In many cases, genes needed for the production of SM are often grouped into

clusters of coordinately regulated and functionally related genes, more likely

because clustering facilitates transcriptional co-regulation. Experimental data evi-

dence that secondary metabolite biosynthetic gene clusters are often conserved

between organisms, suggesting that their maintenance could only be selected for, if

the final natural product conferred some advantages to the producing organism,

even though sometimes they could have subtle effects on the organism that are not

immediately obvious, like mycotoxins.

Most of these mycotoxins and related clusters have been considered for a long

time species or genus specific. Actually, changes in taxonomic concepts due to

phylogenetic studies, the availability of more sensitive chemical detection, and

identification technologies have resulted in a longer list of species proven to

produce different mycotoxins. Furthermore, the expanding of genomic sequence

availability and bionformatics has allowed also to discover some secondary metab-

olite gene clusters, or residual part of them, by in silico analyses giving evidence of
many hitherto undiscovered or not expected pathways. All those new approaches

for fungal characterization open a new scenario about new toxicological potential

risks and fuller understanding of the organization, regulation, and expression of

these genes. In addition, the often assessed absence of correlation between myco-

toxin producing abilities and phylogenetic relationships led to the speculation that

these clusters could be horizontally transferred as a unit to unrelated species,

leading to the biosynthesis of the same mycotoxins in phylogenetically unrelated

fungi (Walton 2000).

An early attempt to understanding the genomic structural variation among

Fusarium species was observed in F. oxysporum and F. solani (previously known

in teleomorphic stage as Nectria Haematococca) leading to the discovery of

supernumerary chromosomes and their role in fungus–plant interaction (Boehm

et al. 1994). Later, genome sequencing has provided the ultimate solution for

understanding the variability in genome structure, including mycotoxin biosyn-

thetic clusters.

The possibility of comparing nucleotide sequences from multiple species has

provided insight into evolution of fungal secondary metabolite gene clusters.

Some clusters appear to have moved into fungal genomes by horizontal gene

transfer from either prokaryotes or other fungi (Brakhage et al. 2005; Khaldi et al.

2008). A vertical inheritance could be responsible for the presence of clusters

across multiple genera of fungi, and differential inheritance and/or deletion could
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be responsible for a discontinuous distribution of clusters among groups of related

fungi (Kroken et al. 2003; Proctor et al. 2004; Patron et al. 2007; Glenn et al. 2008).

A gene duplication is considered to have contributed to formation of plant second-

ary metabolite biosynthetic clusters and clusters that regulate development in

animals (Gierl and Frey 2001; Benderoth et al. 2006; Lemons and McGinnis

2006), due to high levels of sequence identity among some cluster genes. In

addition, inter-genera comparisons indicate that gene relocation has contributed

to the formation of an allantoin utilization cluster in yeast (Wong and Wolfe 2005)

and some secondary metabolite gene clusters in plants (Field and Osbourn 2008)

and has been proposed to contribute to the formation and growth of secondary

metabolite gene clusters in filamentous fungi (Cary and Ehrlich 2006; Saikia et al.

2008). On the other hand, there is limited evidence for the contribution of either

gene duplication or relocation in the formation of such clusters (Cary and Ehrlich

2006; Carbone et al. 2007).

9.2 Trichothecenes Biosynthetic Gene Cluster in Fusarium

Trichothecenes are among the most economically significant mycotoxins world-

wide, because of their widespread occurrence in important grain crops such as

barley, maize, and wheat (Council for Agricultural Science and Technology 2003),

and are also an agricultural concern, due to their toxicity against plants and possible

contribute to the pathogenesis of Fusarium on some crops (Desjardins et al. 1996;

Maier et al. 2006).

The trichothecene biosynthetic gene cluster (TRI cluster) was firstly well char-

acterized in Fusarium graminearum and F. sporotrichioides, two model species

investigated to understand genetics and chemistry of trichothecene biosynthesis

(Brown et al. 2001, 2002; Lee et al. 2002), where the core cluster consists of

12 genes, responsible for synthesis of the core trichothecene molecule and several

modifications to it. Both species also have two smaller loci that encode trichothe-

cene biosynthetic enzymes: a first locus consisting of a single acyl transferase gene,

TRI101, that is responsible for esterification of acetate to the hydroxyl function at

carbon atom 3 (C-3) of trichothecenes (Kimura et al. 1998; McCormick et al. 1999);

and a second locus consisting of two genes, TRI1, which encodes a cytochrome

P450 monooxygenase, and TRI16, which encodes an acyl transferase. In

F. sporotrichioides, the TRI1 enzyme catalyzes hydroxylation of trichothecenes at

C-8 and the TRI16 enzyme catalyzes esterification of a five-carbon carboxylic acid,

isovalerate, to the C-8 oxygen (Brown et al. 2003; Meek et al. 2003; Peplow et al.

2003). Analysis of TRI loci in 16 species of Fusarium revealed that TRI1 and

TRI101 are located in the core TRI cluster in four species of Fusarium (Proctor et al.

2009) that are members of the F. incarnatum-equiseti species complex (O’Donnell
et al. 2009). This finding raised the question of whether the presence of TRI1 and

TRI101 in the TRI cluster was the ancestral or derived state. For TRI101, it was
possible to address this question, because functional or nonfunctional homologues
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of TRI101 are present in trichothecene-nonproducing species of Fusarium (Tokai

et al. 2005; Kimura et al. 2003) that are relatively distantly related to the clade of

trichothecene-producing species that was examined. The genomic context of

TRI101 in trichothecene-nonproducing species was the same as in trichothecene

producing species in which TRI101 was located outside the TRI cluster. Based on

this, Proctor et al. (2009) concluded that it was more likely that the TRI101 was

located outside the cluster in the common ancestor of trichothecene-producing and

nonproducing fusaria and subsequently moved into the cluster during the evolution

of the F. incarnatum-equiseti species complex.

Because there was no evidence for TRI1 homologues in trichothecene-

nonproducing fusaria, other evidence was used to assess whether TRI1 had

moved into or out of the TRI cluster. Multiple strains of the F. incarnatum-equiseti
species complex that were examined had an apparently functional copy of TRI16
located outside of the cluster. In phylogenetic analyses, trees based on TRI1 and

TRI16 sequences were highly correlated with one another but not with a species

phylogeny inferred from housekeeping genes or with the genomic context of TRI1.
In contrast, trees based on TRI cluster genes and on TRI101 were highly correlated

with the species phylogeny. Proctor et al. (2009) rationalized that the similar pattern

of sequence variation exhibited by TRI1 and TRI16 but not by other TRI genes
would have arisen more readily if TRI1 and TRI16 had originally been closely

linked to one another and not to the TRI cluster. Thus, they concluded that both

TRI1 and TRI101 originated outside of the TRI cluster and moved into it during

divergence of the F. incarnatum-equiseti species complex from other lineages of

trichothecene-producing fusaria. Relocation of TRI1 and TRI101 into the core TRI
cluster of the F. incarnatum-equiseti species complex provided evidence for growth

of a fungal secondary metabolite gene cluster by gene relocation rather than by gene

duplication and subsequent divergence of preexisting cluster genes. Phylogenetic

analysis of four F. graminearum monooxygenase genes (TRI1, TRI4, TRI11, and
TRI13) involved in trichothecene biosynthesis provides a further independent

support for this conclusion and showed that it is unlikely that the genes encoding

them evolved directly from the same ancestral TRI gene (Proctor et al. 2009).
In the same study, the sequence data revealed that TRI1 can be located within

one of four distinct genetic environments (GE). GE1 occurs in eight species,

including F. graminearum (Brown et al. 2003; McCormick et al. 2004), where

TRI1 is located between an orthologue of FGSG_00070 or TRI16 (or a TRI16
pseudogene) at 50- and an orthologue of FGSG_00072 or sometimes

FGSG_00073 at 30-flanking region. GE2 occurs in F. sporotrichioides (Brown

et al. 2003; Meek et al. 2003; Peplow et al. 2003) and F. armeniacum, where
TRI1 is located between PDB1 consistently located in the 50-flanking region and a

variable gene in the 30 (orthologue of TRI16 or Orf1/orf1). GE3 occurs only in

F. longipes, where TRI1 is located between a gene encoding a putative transcription
factor and a cytochrome P450 in the TRI1 50-flanking region, and a gene encoding a
b-mannosidase-like protein is located in the 30-flanking region. Finally, GE4 occurs
in the four species that form the F. equiseti clade, i.e., F. equiseti, F. scirpi,
F. semitectum, and F. camptoceras, where TRI1 is located between TRI10 and
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TRI9 in the 50-flanking region of TRI1 and TRI11 and TRI13 in the 30-flanking
region. The exception to this is F. camptoceras, where TRI11 and TRI14 are located
in the 30-flanking region. A comparison of the TRI1 phylogeny with the species

phylogeny, inferred from combined sequences of five primary metabolic genes,

revealed incongruencies between the two phylogenies. The lack of correlation

between TRI1 and species phylogenies is consistent with trans-species polymor-

phism, already described as possible in animals, plants, and fungi (Muirhead et al.

2002; Ward et al. 2002; Klein et al. 2007; Powell et al. 2007). Phylogenies inferred

from DNA sequences of TRI101 and the representative TRI cluster genes TRI4,
TRI5, and TRI11 were highly correlated with each other and with the species

phylogeny derived from primary metabolic gene sequences. Those data provided

to authors evidence for a complex evolutionary history of TRI loci that has included
loss, non-functionalization and rearrangement of genes, as well as trans-species

polymorphism.

9.3 Fumonisin Biosynthetic Gene Cluster in Fusarium

Fumonisins are a family of mycotoxins produced primarily by Fusarium
verticillioides and Fusarium proliferatum, although other Fusarium species also

may produce them. There are at least 28 different forms of fumonisins, most

designated as A-series, B-series, C-series, and P-series. Fumonisin B1 is the most

common and economically important form, followed by B2 and B3 (Desjardins

2006). Maize is the most commonly contaminated crop, and fumonisins are the

most common mycotoxins in maize, although these toxins can occur in other

worldwide crops. Fumonisins are carcinogenic to laboratory animals, and in

humans, consumption of fumonisin-contaminated foodstuff is associated with

higher rates of esophageal cancer and neural tube birth defects.

Fumonisin biosynthetic gene (FUM) cluster has been firstly described in some

species belonging to the Fusarium fujikuroi species complex (FFSC) such as

F. proliferatum (Waalwijk et al. 2004) and F. verticillioides (Proctor et al. 2003).
Moreover, the FUM cluster has been described also in the rare fumonisin-producing

strains (FRC O-1890) of F. oxysporum (Proctor et al. 2008) and in the more

distantly related fungus Aspergillus niger (Khaldi and Wolfe 2011). The Fusarium
cluster includes 17 genes that encode biosynthetic enzymes as well as regulatory

and transport proteins. The number, order, and orientation of genes within FUM
clusters in F. verticillioides, F. oxysporum, and F. proliferatum were shown to be

the same (Proctor et al. 2003, 2008; Waalwijk et al. 2004). However, the sequences

flanking the clusters differ, indicating that the cluster is in a different genomic

location in these three species. The genomic context of the FUM cluster was

determined by Proctor et al. (2013) by sequence analysis of the DNA flanking

each side of the cluster. The analyses indicated five different genomic contexts or

genetic environments (GE), designated as GC1, GC2, GC3a, GC3b, and GC4. GC1

i s described for the full FUM cluster in F. verticillioides (Proctor et al. 2003) and
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for the FUM cluster remnant in Fusarium musae (Van Hove et al. 2011), where

ORF20 and ORF21, representing a remnant of a gene most similar to

F. graminearum gene FGSG_00274, are flanking the FUM21 side and ZBD1 and

ZNF1 are flanking the FUM19 side.

GC2 was observed in all African-clade species examined, where ANK1 and

GAT1 are flanking the FUM19 side and ZBD1 and MFS1 are flanking the FUM21
side. GC3a and GC3b were observed in American-clade species F. anthophilum
and F. bulbicola, respectively, where they are similar for three genes (CPM1,
MFS2, and DOX1) flanking the FUM19 side and differ in the FUM21-flanking
region: in GC3a (F. anthophilum), FUM21 is flanked by genes CPM2 and TSP1,
and in GC3b (F. bulbicola), there was no evidence for genes.

GC4 was observed in F. oxysporum strain FRC O-1890, where there is no

evidence for a full-length gene within the �2800 bp region upstream of FUM21
and an homologue of CPM1 is flanking the FUM19 side.

Furthermore, a phylogenetic discord of FUM and primary metabolism gene

genealogies was evidenced and it coincides with differences in FUM cluster

genomic context and was not consistent with fumonisin chemotype differences.

The different kind of analyses conducted by Proctor et al. (2013) led to suggest that

a combination of a variety of dynamic processes, including cluster duplication and

loss (birth and death), balancing selection, shifts in functional constraint, translo-

cation, and horizontal transfer (Ward et al. 2002; Carbone et al. 2007; Khaldi et al.

2008; Khaldi and Wolfe 2011; Slot and Rokas 2011), has shaped the evolution and

current distribution of some secondary metabolite biosynthetic gene clusters and

contributed to metabolic diversity in fungi.

9.4 Fumonisin Biosynthetic Gene Cluster in Aspergillus

Fumonisin production has been already supposed after finding of a putative

fumonisin biosynthetic gene cluster (Baker 2006) and later confirmed also for A
niger (Frisvad et al. 2007, 2011), perhaps the most important fungus used in

biotechnology, and also one of the most commonly encountered fungi contaminat-

ing foods and feedstuffs.

The FUM genes are organized as a cluster of 17 genes in the species belonging to

FFSC, though the location of the cluster differs among the species belonging to

complex (Proctor et al. 2003; Waalwijk et al. 2004). In A. niger genome, an

homologue of the Fusarium FUM cluster has been identified (Baker 2006; Pel

et al. 2007), including homologues of 11 of the Fusarium genes: the polyketide

synthase (fum1), hydroxylase (fum3, fum6, fum15), dehydrogenase (fum7), ami-

notransferase (fum8), acyl-CoA synthase (fum10), carbonyl reductase (fum13),

condensation-domain protein (fum14), ABC transporter (fum19), and transcription

factor (fum21) genes, and a short-chain dehydrogenase gene (designated here as

sdr1) that is not present in the Fusarium cluster, whose function, if any, in

fumonisin biosynthesis has not been reported (Baker 2006; Pel et al. 2007). A
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homologue of the Fusarium FUM2 gene, responsible for hydroxylation of the

fumonisin backbone at carbon atom 10 (Proctor et al. 2006), is notably absent

from the A. niger fum cluster, consistently with production of B2, B4, and B6 (FB2,

FB4, and FB6, respectively) reported in the majority of studies (Frisvad et al. 2007,

2011; Mansson et al. 2010; Noonim et al. 2009).

Since the clusters in A. niger and in F. verticillioides share only 11 of the

17 known FUM genes, these two types of cluster have probably had a long history

of independent evolution (Khaldi and Wolfe 2011). In that study, authors consid-

ered horizontal transfer responsible for fum cluster origin in A. niger. With the

recent taxonomic revision of the black aspergilli, fumonisin production has been

confirmed only in A. niger and its phylogenetic cryptic sister species

A. welwitschiae (formerly A. awamori; Perrone et al. 2011; Palumbo et al. 2013;

Varga et al. 2010, 2011), with a discontinuous production ability of FB2 distributed

among isolates of these two species. This variability was compared to the genetic

structure of both species to understand what is the genetic basis for the differences

in fumonisin production and nonproduction in A. niger and A. welwitschiae (Susca
et al. 2014).

The studies on gene content and organization of the fum cluster in

FB2-nonproducing isolates of A. niger and A. welwitschiae recovered from grapes

provide evidence that the fum cluster in nonproducing isolates of A. niger includes
all 11 fum genes as well as sdr1, whereas the cluster in nonproducing isolates of

A. welwitschiae have undergone a large deletion. These findings combined with the

comparisons of phylogenetic analyses between housekeeping and fum cluster genes

suggest the mixtures of fumonisin-producing and nonproducing individuals arose

independently in the two species. While the genetic basis for fumonisin

nonproduction in isolates of A. welwitschiae is consistent with the absence of fum

genes (Palumbo et al. 2013; Susca et al. 2014), in A. niger it remains unclear.

Different mutations can potentially affect fumonisin production, i.e., 12-base dele-

tion in fum1 of ITEM 10355 and the premature stop codon in fum10 of ITEM

12918, identified by gene sequencing (Susca et al. 2014), as well as a mutation(s) in

eventual regulatory genes located outside the fum cluster.

In addition, genome sequence data of black aspergilli clade, consisting of at least

12 phylogenetically distinct species, including A. brasiliensis, A. luchuensis,
A. niger, A. tubingensis, and A. welwitschiae (Hong et al. 2013), revealed similar-

ities in gene content of the partial FUM cluster in these species. The fum1 homo-

logue from the partial A. welwitschiae cluster is more closely related to the

homologue from the intact A. welwitschiae cluster than to homologues from partial

clusters in other species (Susca et al. 2014).This suggests that the deletion(s) of the

partial FUM cluster in A. welwitschiae occurred after this species diverged from

other species with partial clusters. An alternative explanation for the similarity in

gene content of partial fum cluster orthologues is nonrandom loss of genes in

different species. The apparent nonrandom gene loss within the Aspergillus FUM
cluster differs in that a full-length fum1 has been retained in the partial clusters of

the species examined except for A. brasiliensis. Evidence for similar genetic event

is the nonrandom gene loss proved in the aflatoxin (afl) cluster among isolates of
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A. flavus (Chang et al. 2005; Mauro et al. 2013; Moore et al. 2009) and in the

gibberellic acid biosynthetic gene cluster among species of Fusarium (B€omke and

Tudzynski 2009;Wiemann et al. 2013).

9.5 Aflatoxin Biosynthetic Gene Cluster in Aspergillus

Aflatoxins are potent carcinogens that include four major structural analogues:

AFB1, AFB2, AFG1, and AFG2. The International Agency for Research on Cancer

(IARC) has classified AFB1 as a group 1 carcinogen in humans (IARC 1993). In

addition to hepatocellular carcinoma, aflatoxins are associated with occasional

outbreaks of acute aflatoxicosis that lead to death shortly after exposure (Azziz-

Baumgartner et al. 2005). Aflatoxins are produced in a diversity of agricultural

commodities including maize by several species of Aspergillus, but the two species
of greatest concern are A. flavus and A. parasiticus (Frisvad et al. 2005).

The ability to produce aflatoxins is highly conserved in some species but

variable in others. For example, 94–97 % of A. parasiticus strains that have been

examined produce aflatoxins, whereas production in A. flavus is highly variable and
depends on genotype, substrate, and geographic origin (Vaamonde et al. 2003;

Pildain et al. 2004).

The afl biosynthetic gene cluster includes 25 genes (Yu et al. 2004). The gene

content and organization of the cluster is highly conserved among Aspergillus
species in section Flavi, which includes A. flavus and A. parasiticus. Sequence
variability and deletions in various genes/regions of the afl cluster have also been

used to assess variability in A. flavus (Chang et al. 2006). Moreover, differences in

afl genes have been used to distinguish between aflatoxin-producing and

nonproducing strains of A. flavus and A. parasiticus. Understanding such genetic

differences is important because aflatoxin-nonproducing strains of A. flavus are

used to control aflatoxin contamination in some crops (Dorner and Horn 2007).

Recently, Gallo et al. (2012) examined a collection of aflatoxin-producing and

nonproducing isolates of A. flavus for the presence of seven afl genes, two regula-

tory genes aflR and aflS, and the structural genes aflD, aflM, aflO, aflP, and aflQ.
The result was the grouping of strains into four different amplification patterns. All

aflatoxin-producing isolates yielded the complete set of amplification products,

whereas nonproducing isolates did not yield products for three, four, or all seven

genes, showing a high level of genetic variability among A. flavus isolates.

Together, analyses of variation of the afl cluster in A. flavus reflect the genetic

complexity of this species.

The genetic diversity of A. flavus populations collected from maize kernels in

Northern Italy from 2003 to 2010 was also assessed by Mauro et al. (2013), by

evaluating the presence or absence of several aflatoxin genes. Six deletion patterns

of genes in aflatoxin cluster were detected. Regarding the atoxigenic isolates, some

had no deletion in the cluster, some others had the entire cluster deleted, and only a

single strain had a deletion pattern with only two genes amplified out of the
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13 tested. Therefore, the genetic variability of aflatoxin cluster in non-aflatoxigenic

isolates appears diversified and complex, but its understanding is important for the

selection of safe and effective nonproducing strains potentially usable in biocontrol

for limiting aflatoxin contamination.

Medina et al. (2014) studied the effects of the interaction of aw, temperature, and

elevated CO2 on ten structural and regulatory aflatoxin biosynthetic genes’ expres-
sion. Previously, in addition to temperature, Magan et al. (2011) have shown that

changes of CO2 concentration and water activity can influence the growth and

mycotoxin production of some mycotoxigenic species, including A. flavus, espe-
cially under water stress. The data generated by Medina et al. (2014) showed that

these interactions have a significant impact on gene expression stronger than on the

growth of A. flavus and can stimulate the AFB1 production. Therefore, the effect

that the abovementioned environmental factors have on the expression of A. flavus
aflatoxin genes is of extreme importance to accurately know the genetic variability

of the occurring A. flavus populations in the field for both phylogenetic relatedness

among fungal strains and mycotoxin gene biosynthetic pathways. This would

strengthen the capability of predicting aflatoxin production according to the

changes of environmental factors and would allow a better management of aflatoxin

risk in the field.

In conclusion, the occurrence of AFB1 at high levels in Europe in the years

2003–2004 and 2012–2013 underlines the fact that climate change will entail a

change in the mycotoxin distribution patterns observed today. Global trade of plant

products can also contribute to the spread of aflatoxigenic fungi and to the increase

of diversity of local fungal populations. The study of the genetic structure of afl
biosynthetic pathways in aflatoxigenic fungi is therefore essential for the develop-

ment of strategies for the control of aflatoxin contamination. In this regard, the

molecular characterization of native atoxigenic strains, acting through competitive

exclusion of aflatoxin producers, with superior adaptation to a geographical region,

should provide benefit of long-term displacement of toxigenic strains in maize

environment.

9.6 Conclusion

Filamentous fungi synthesize many secondary metabolites, and genes involved in

the same pathways are often clustered and co-expressed in particular conditions.

Such secondary metabolism gene clusters evolve rapidly through multiple

rearrangements, duplications, and losses, but also it has long been suspected that

they can be transferred horizontally between species. Here are mentioned few

concrete examples which have been described in the literature so far.

Anyway, much remains to be learned. The mechanism of such mycotoxin cluster

origin and assembly still remains a matter of speculation, but, on the other side, the

growing number of available genome sequences now enables us to both predict new
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secondary metabolite clusters and take a phylogenomic approach to the evolution-

ary origins of these clusters.

The complexity of these regulatory networks, with multiple target sites and

interconnections with other regulatory mechanisms, makes their full elucidation a

challenging task. The understanding of the regulatory pathways on control of fungal

development and biosynthesis of natural products will open up new broad and

exciting fields of applications in which the production of beneficial natural products

could be enhanced and the production of those with deleterious effects could be

reduced or eliminated.
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Chapter 10

How to Disentangle Changes in Microbial

Function from Changes in Microbial

Community

Cruz Cristina, Catarina Gouveia, Teresa Dias, Ajit Varma,

and Olubukola O. Babalola

Abstract Understanding the relations between microbial community structure,

local edaphoclimatic conditions, and soil functions is fundamental to the progress

of soil ecology. We identified soils with distinct textures and investigated the con-

tribution of soil structure and microbial community to two soil functions performed

by two nitrogen (N) cycling microbial functional groups. Part of the soil cores

collected were sterilized in order to have the influence of the soil structure; the other

part was used to obtain the soil microbial community associated with each of the

four soil types studied. Soil textures and microbial communities were combined in

all the possible combinations and allowed to rest for 15 days. After that,

three dynamic soil characteristics were determined: potential nitrification, potential

denitrification, and soil respiratory coefficient. At the same time, the number of

copies of nitrification (amoA) and denitrification (nir and noz) functional genes was

determined by real-time PCR.

Results showed that nitrification is much more dependent on the microbial com-

munity than denitrification, which is much related with soil chemical and physical

properties, suggesting that the ability to predict microbial responses to environ-

mental change can improve by understanding the context dependence of microbial

structure–function relationships.
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10.1 Introduction

Understanding the relationship among community structure, ecosystem function,

and environmental conditions is fundamental to the study of soil microbial ecology

(Peralta et al. 2010).

Information on microbial communities is rarely explicitly considered in large-

scale ecosystem models. However, recent work supports predictive relationships

between microbial traits and ecosystem function (Allison and Martiny 2008).

Many process-based models implicitly consider microorganisms by accounting

for variation in factors that regulate microbial community composition, such as

pH (Nicol et al. 2008), moisture (Nemergut et al. 2013), substrate availability,

temperature (Shade et al. 2012), and salinity (Lozupone and Knight 2007). Yet,

communities are not entirely determined by abiotic variables (Graham et al. 2016).

The degree to which such factors affect the composition, functional traits, and

activity of a given microbial community will affect the value of microbial data in

predicting ecosystem processes beyond that of environmental factors alone. So the

question is to understand if the composition of the soil microbial community is

determinant to soil function. Graham et al. (2016) analyzing 82 datasets collected

from an international team of collaborators suggested that greater understanding of

microbial communities informed by ecological principles may enhance our ability

to predict ecosystem process rates relative to assessments based on environmental

variables and microbial physiology. Within the full dataset, environmental vari-

ables alone had greater explanatory power than either metrics of microbial com-

munity structure or microbial biomass. But taking in consideration that soil

microbial processes require distinct abiotic conditions and most of these are

determined by soil physical and chemical parameters, it is possible that the relation

between soil structure and soil function is dependent on the soil function that is

considered, even when considering functions that are performed by very specific

functional groups.

We tried to develop a method to evaluate the relative importance of soil struc-

tural properties like texture and the soil microbial community on two soil functions

performed by two “narrow” functional types: nitrification and denitrification.

10.2 Materials and Methods

10.2.1 Site Description

This study was conducted with soils from the Mediterranean basin differing mainly

in their texture. All the soils were collected in a range of 5 km, in an area with

typical Mediterranean climate, 450 mm of annual precipitation, with dry summers

and moderately cold winters. August was the hottest month with an average
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temperature of 27 �C and December the coolest month with an average temperature

of 10 �C. Soils were collected in a degraded area, used for agriculture until 2007.

10.2.2 Sample Collection

Four transects, 100 m apart, were laid out parallel to the observed gradient in soil

texture. Four areas with distinct soil textures were identified (areas A–D). In each

area, six pooled soil samples were collected with a core (11 cm2 area � 10 cm

depth). No significant differences were observed for topography and plant

composition.

Soil samples were collected in October 2014 to assess the relative effect of

microbial community and soil physical and chemical characteristics on soil func-

tions. Samples were transported on ice and stored at 4 �C prior to processing in the

laboratory. A subsample was collected for storage at �80 �C for functional gene

analyses.

10.2.3 Soil Chemical Analyses

Field moist soil was dried at 70 �C until constant weight, and moisture content was

calculated from the proportion of water (by weight) to oven-dried soil. From each

sample, a subsample of air-dried soil was ground into a fine powder and analyzed to

determine total C and total N. Elemental analyses of C and N were completed using

combustion methods (ECS 4010, COSTECH Analytical Instruments, Valencia).

Soil pH was determined for a 5 g sample analyzed using a 1:1 soil:water ratio. In

addition, ~5 g of field moist soil was extracted with 2 M KCl, and available

ammonium (NHþ
4 ) and nitrate (NO�

3 ) were analyzed in the extracts based on

colorimetric analyses using an autoanalyzer (Dias et al. 2011). Texture analysis was

performed on a composite 50 g sample from each plot using the hydrometer method

(Gee and Bauder 1979). Two hundred (200) g of each soil sample were suspended

in water (1:10 w/v), stirred at 150 rpm for 2 h at room temperature, and the extract

sequentially filtered through 2 mm, 63 μm, 10 μm, and 2 μm mash. The fraction

retained in the 2 μm filter was resuspended in 100 mL and used as a microbial soil

suspension (Gee and Bauder 1979).

Intact soil cores were sterilized at 120 �C at 1 atmosphere for 2 h, allowed to cool

down for 24 h, and the sterilization repeated for 3 times. Soil samples of 200 g were

corrected for their water content (30–40 % of the WPC) and inoculated with a

microbial community extracted from 200 g soil samples (from the same or from

another soil) in order to have all the possible combinations between soil structure

and microbial community. Inoculated soils were incubated under controlled con-

ditions (14/19 �C) and 30–40 % WPC for 15 days. After the incubation period, soil
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samples were taken to obtain soil potential nitrification and denitrification rates and

microbial respiratory coefficient.

10.2.4 Potential Nitrification Assay

Potential soil nitrification rates were assessed using the short-term incubation.

Approximately, 5 g aliquots of soil were weighed out into three replicate 125-mL

flasks. Another 5 g of soil was weighed into one control bottle. Prior to incubation,

20 mL of 1 mM (NH4)2SO4 and 0.1 mL of 2 M NaClO3 were added to prepared soil

samples. The replicates were shaken for approximately 5 h at about 130 rpm. The

filtrate was collected from soils after the 5 h incubation and from control samples

stored at �20 �C. This filtrate was analyzed for NO�
2 -N based on a colorimetric

assay. Calibration standards contained 0, 0:2, 0:4, 0:8, 1:0g NO�
2 -N mL�1 (Kandeler

1996). Potential nitrification rate was calculated as the difference between control

and incubated soil per mass of soil.

10.2.5 Potential Denitrification Assay

Potential soil denitrification rates were estimated using the acetylene inhibition

method (Royer et al. 2004). In 125 mL Wheaton bottles, 90 mL of a 2 mM KNO3

solution and 1.3 mL of chloramphenicol (100 mg mL�1) and about 25 g of soil were

combined. Bottles were sealed with septa-centered caps, shaken, purged with He

for 5 min, and vented prior to beginning the assay. Prior to gas sampling, each bottle

was shaken 5 min prior to sampling headspace to equilibrate N2O in aqueous and

sediment phases. Gas samples (15 mL) were collected at 0, 1, 2, and 3 h.

These gas samples were analyzed for N2O using a Shimadzu 2014 greenhouse

gas analyzer. Gas standards ranging from 0.1 ppm-v to 7.46 ppm-v N2O were

generated from 99 % N2O (Grace Divisions, Deerfield, IL, USA). The N2O concen-

trations of each sample per dry mass were plotted against time, and the slope of this

line was the potential denitrification rate (ng N2O g�1 dry mass h�1). During the

assay, N2O production from each sample was linear for the majority of the samples

measured. All gas samples were diluted prior to GC analysis in order for N2O

concentrations to remain within the range covered by the standard curve.

Dry weight of soil samples was estimated based on gravimetric soil moisture deter-

mined for each sample.
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10.2.6 DNA Extraction and Purification

Samples were freeze-dried prior to extraction of total genomic DNA using the

FastDNA SPIN Kit for Soil (MP Biomedicals, Solon, OH). Genomic DNA was

purified using acetyl trimethyl ammonium bromide (CTAB) extraction to remove

contaminating humic acids (Sambrook and Russell 2001). DNA concentration was

adjusted to a standard concentration of 20 ng L�1 prior to PCR and DNA-based

microbial community analyses.

10.2.7 Denitrifier and Ammonia Oxidizer Gene Abundance

Quantitative PCR of nosZ and bacterial amoA genes were carried out in triplicate in

10 μL reactions. The nosZ gene was amplified using Nos1527F, 50-CGC TGT TC

(A/C/T) TCG ACA G(C/T)C A-30 (Kloos et al. 2001) and nosZ1622R, 50-CGC
(G/A)A(C/G) GGC AA(G/C) AAG GT(G/C) CG-30 (Throback et al. 2004). The

bacterial amoA gene was amplified using PCR primers amoA-1F; 5-GGGG

TTTCTACTGGTGGT-30 and amoA-2R; 5-CCCCTCKGSAAAGCCTTCTTC-30

(Rotthauwe et al. 1997). PCR reactions contained 1X SYBR green master mix

(Applied Biosystems Inc., Foster City, CA), 0.4 μm of each primer, 0.5 μg μL�1

bovine serum albumin, and 2 μL of soil DNA of known concentration. Fragments

were amplified with an initial denaturation step at 95 �C for 5 min, followed by

40 cycles of 95 �C for 1 min, 56 �C for 1 min, and 72 �C for 1 min. Standard curves

were obtained based on serial dilutions of mixed PCR product from wetland soil

samples. Reactions were analyzed on a 384-well Applied Biosystems 7900HT Fast

Real-Time PCR System (Applied Biosystems Inc., Foster City, CA).

10.3 Results and Discussion

We observed that different combinations of soil factors influenced microbial struc-

ture and function between two nitrogen cycling functional groups: denitrifiers and

ammonia oxidizers.

We used distinct soil types (Table 10.1) and extract their microbial components

that were reinoculated into the four sterilized soil types in a way to obtain all the

possible combinations between soil communities and structures (Table 10.2). Sev-

eral parameters usually used to relate soil microbial community and soil function

were used to assess the relative contribution of soil microbial community (inocu-

lations) to nitrification and denitrification rates and/or respiratory coefficient in

relation to non-dynamic soil properties.

Denitrifier and ammonia oxidizer community composition and abundance are

known to vary in sensitivity to soil chemical and physical characteristics such as pH

and organic carbon. In addition, the activities of these functional groups are quite
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responsive to oxygen (Francis et al. 2007; Kowalchuk and Stephen 2001; Wallen-

stein et al. 2006), and therefore, it is expected that it is affected by soil texture, as it

was observed in the sterilized soils reinoculated with their original microbial

communities (Tables 10.1 and 10.2). What is interesting from this dataset is that

inoculating the bacterial community of a certain soil texture in a soil with less clay

did not have much effect on the nitrification or denitrification rates, but its ino-

culation on a soil with more clay tended to increase the denitrification and decrease

the nitrification rates (Table 10.2)

Table 10.1 Physical and chemical characteristics of the studied soils

Soil

A B C D

pH 5.6 � 0.1 5.8 � 0.3 5.8 � 0.1 5.9 � 0.1

WPCa % 30 � 6 38 � 5.0 45 � 9 45 � 7.5

C (mg�1 DW) 4.6 � 0.7 6.7 � 0.6 8.8 � 1.2 10 � 0.7

C/N 9.0 � 0.9 10.1 � 1.1 10.2 � 0.8 10.3 � 0.6

NO�
2 (ppm) 5.7 � 0.2 7.7 � 1.2 11.1 � 1.1 43.0 � 3.1

NHþ
4 (ppm) 10.0 � 0.3 10.0 � 0.7 11.0 � 1.5 15.1 � 1.1

Clay (%) 15.0 � 1.2 18.8 � 2.2 20.1 � 2.5 25.2 � 3.3

Lime (%) 26.8 � 1.5 32.2 � 5.5 44.1 � 7.7 34.1 � 5.8

Sand (%) 58.4 � 5.2 49.0 � 4.7 35.4 � 5.5 30.8 � 5.5
aWater content of the soil sample at the time of sampling

Results are the average of six determinations � SD

Table 10.2 Results from the soil incubation with distinct soil microbial suspensions

Soil structure

Microbial community from soil A B C D

A PNR 8.1 � 1.1 6.8 � 2.3 8.2 � 1.1 6.3 � 1.0

PDR 20 � 10 30 � 5.0 50 � 11 78 � 8.1

RQ 1.5 � 0.3 1.5 � 0.3 1.0 � 0.1 0.7 � 0.2

B PNR 3.3 � 1.7 4 � 3.2 6 � 1.0 5 � 1.1

PDR 26 � 8 32 � 3 58 � 8 80 � 10

RQ 1.4 � 0.1 1.5 � 0.2 1.2 � 0.3 0.7 � 0.3

C PNR 6.1 � 0.3 5.3 � 0.4 5.6 � 0.5 6 � 0.5

PDR 48 � 5 50 � 6 54 � 4 70 � 9

RQ 1.3 � 0.1 1.2 � 0.2 1.2 � 0.1 0.7 � 0.2

D PNR 4.3 � 0.4 4.5 � 0.4 4.0 � 0.4 4.0 � 0.1

PDR 50 � 5.8 63 � 6.1 65 � 6.3 72 � 7

RQ 0.7 � 0.2 0.6 � 0.1 0.6 � 0.2 0.6 � 0.2

Potential nitrification rate (PNR) expressed as ng NO�
2 g DW�1 h�1, potential denitrification rate

(PDR) expressed as ng N2O g DW�1 h�1, and respiratory coefficient (RQ) expressed as

mmol CO2 mmol�1 O2. Results represent the mean of six repetitions � SD. The results of the

original microbial community in the respective soil structure are depicted in bold
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In fact, soil texture is often correlated with chemical characteristics. Soil texture

can influence how water and air travel through soil, thus influencing nutrient move-

ment and surface area available for microorganisms (Brady and Weil 2002). In this

study, soil factors that change over long timescales and are influenced by soil for-

mation and management (soil texture, soil organic matter, pH) were very important

to shaping denitrifier and ammonia oxidizer community structure, if evaluated by

the functional gene abundance (Fig. 10.1).

Key functional genes for nitrification and denitrification were detected in all soil

types. The total abundance of the denitrification genes nosZ and nirK were signifi-

cantly higher in the microbial suspension of soil D, a clay soil (P < 0.05), which

was consistent with the significantly higher denitrification potential observed in that

soil (Table 10.2). Of the genes tested, amoA was the most abundant one. The gene

amoA is largely associated with the bacterial phylum Proteobacteria, one of the

largest divisions among prokaryotes, but its abundance did not differ among the

tested microbial soil suspensions.

However, PNR were different across soils. Which may, at least at a first glance,

imply that soil physical and chemical characteristics are more important to deter-

mine soil functions than the structure and function of soil microbial population

(if analyzed on the basis of the abundance of the functional gene). Alternatively, we

can argue that the physiological plasticity of the bacterial community that is present

in the soil is also important, because it will determine the functionality of the gene

(Strickland et al. 2009).

In order to assess if soil microbial community had potential to influence impor-

tant soil functions such as nitrification and denitrification, we inoculated the distinct

soils with microbial suspensions obtained from the other soils. And it was interest-

ing to realize that the relation between soil function and microbial community was

dependent on the function assessed (Table 10.2). Showing that the functional
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Fig. 10.1 Summary of amoA (left), nirK (middle), and nosZ (right) gene abundance based on

quantitative PCR of the soil microbial suspensions isolated from the soils and used as inoculants.

Bars represent the mean (n ¼ 3) � sd
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response of microbial communities to their local environment is challenging to

generalizations and varies according to the function of interest and microenviron-

mental conditions (Reed and Martiny 2007).

The distinct type of relation between soil structure and function is interesting

because we are comparing functions that belong to the same biogeochemical cycle

and that are performed by a “narrow” group of microorganisms. However, the

inoculation of the distinct soil microbial suspensions affected the soil respiratory

coefficient (the ratio between CO2 evolution and O2 consumption), which suggests

the use of distinct carbon sources by the microbial community and therefore a broad

interaction with the soil metabolic pathways. When using more recalcitrant carbon

sources, the respiratory coefficient of the soil microbial community tends to

decrease (Dilly et al. 2001).

Universal relationships between soil microbial diversity and function or services

provided by the ecosystem have been proposed several times. But none seems

suitable for explaining the majority of the relationships observed. The redundancy

hypothesis assumes that species considered to be functionally redundant carry out

the same function, and gain or loss in any one of these species does not influence

overall function (Naeem et al. 2002; Petchey and Gaston 2006). In contrast, the

rivet hypothesis assumes that there are key species that carry out or regulate a

unique ecosystem function, and gain or loss of any one of these species directly

affects function (Naeem and Wright 2003). However, demonstration of these

generalizable structure–function relationships has been impossible due to the pecu-

liar nature of the community response and because species within a community may

present an assortment of responses to environmental variables (Cardinale et al.

2000; Chase 2010).

Our experiment demonstrates that in the short term the relation between struc-

ture and function is dependent on the function considered. But in order to distin-

guish environmental regulators in the short and long term, manipulative ecosystems

experiments are desirable.

10.4 Future Perspectives

Recent decades have brought a surge in development in the knowledge of micro-

biomes, soil microbiomes in particular. However, we have to recognize that our

knowledge of soil ecology is still very limited. We are currently considering the soil

as a uniform identity, extracting the DNA and/or RNA, and analyzing the results in

order to infer the phylogeny and functionality of the microbial community. Most of

the time, no relation is found between the structure and function of the soil micro-

bial communities. One of the reasons for this is that in most cases it is the rare

species (representing <1 % of the soil microbial community) that determine the

main soil functions. Another may be the fact that at the moment no major attention

is given to soil spatial and temporal heterogeneity or microbial physiology, which
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may be responsible for the fine-tuning between soil structure (physical and bio-

logical) and functionalities.
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Chapter 11

Legume-Rhizobium Symbioses: Significance
for Sustainable Plant Production

Alexander P. Hansen

Abstract Biological N2 fixation plays a crucial role for life on the planet. The most

relevant terrestrial biological system for executing the fixation of atmospheric

nitrogen is the legume-Rhizobium symbiosis. With the advent of the Haber-Bosch

process, industrial N2 fixation has reached parity with biological N2 fixation during

the last 100 years, allowing an increase in agricultural production to feed currently

more than seven billion inhabitants on the planet. But this does not come without

environmental costs. While the Haber-Bosch facilitates a maximization of agricul-

tural production, biological N2 fixation is the preferred choice for sustainable

agriculture. This chapter provides an insight in the legume-Rhizobium symbiosis

and puts it in perspective with regard to its potential and limitations for sustainable

plant production.

11.1 Introduction

Biological N2 fixation evolved already 4000–2500 million years ago in early

Archean oceans (Towe 2002), probably in response to reductions in the amounts

of nitrogen fixed via lightning discharges or releases from volcanic eruptions.

Beneficial effects of N2 fixation are known to humans for at least 2000 years,

since the Romans practiced already cropping systems combining legumes and

non-legumes, due to their observation that the non-legumes benefitted from such

mixed cultivation. Devoid of any explanation for this effect, elucidation arrived in

the nineteenth century. Without conclusive prove, Boussingault (1838) suggested

that legumes were fixing nitrogen from the air. Although Justus von Liebig, the

leading organic chemist at the time, contradicted this claim, subsequent experi-

ments of two of his German compatriots, Hellriegel and Wilfarth (1888), provided

conclusive prove of nitrogen fixation of nodulated peas.
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About at the same time, development of a technical processes to fix atmospheric

nitrogen progressed further, leading eventually to the commencement of industrial

nitrogen fixation in the small German town of Oppau in 1913. Although the original

intention for the industrial ammonia production, utilizing the process developed by

Fritz Haber and Carl Bosch, was to provide Germany with a source of ammonia for

the production of explosives used in WWI, thus compensating the allied trade

embargo on Chilean saltpeter, the process later permitted for the first time large-

scale nitrogenous fertilizer production. This formed the basis for the “Green

Revolution,” which started in the 1940s in Mexico with the work of Norman

E. Borlaug on the development of disease-resistant, high-yielding wheat varieties.

He is generally perceived as the “father” of the “Green Revolution” and received

for his work the Nobel Prize in 1970. Production of improved varieties of crop

plants in combination with the availability of industrial nitrogen fertilizer was the

basis for the enormous increase of agricultural production, which ensured the

survival of millions of people and allows more than seven billion people to inhabit

the planet today. It has recently been estimated that now approximately half of the

nitrogen received by the world’s crops (Smil 2011) and protein in humans consists

of nitrogen, originally fixed by the Haber-Bosch process. Two decades earlier,

estimates still attributed only one third of global nitrogen fixation to industrial

production (Burris and Roberts 1993). Although solid data for such estimates are

difficult to obtain and consequently subject to errors, it nevertheless indicates, in

line with many other sources (FAO 2012), that industrially fixed nitrogen is

increasing its contribution to crop production. The rest of the fixed nitrogen

comes from biological nitrogen fixation (mainly leguminous corps), organic

recycling, and atmospheric deposition. Hence, without the Haber-Bosch process,

less than half of the world’s population could be sustained today.

Since this process

N2 þ 3H2 ! 2NH3 ðΔH ¼ �45:8kJ �mol�1Þ

requires high pressure (200 atmospheres) and high temperature (400 �C), it is very
energy consuming. The required energy is generated primarily via fossil fuel.

Consequently, today’s agriculture is responsible for a substantial carbon footprint.

The amount of CO2 production, directly linked to industrial transformation of N2 to

NH3, is estimated to be approximately 80 million metric tons or about 1 % of the

global CO2 emissions. Although 1 % of the global CO2 emission is already a

significant contribution to the global liberation of climate gas, a more significant

detrimental effect on global climate of intense agriculture is the release of N2O into

the atmosphere. N2O is liberated in connection with N fertilizer application in

intensive agriculture and a very potent “greenhouse gas.” According to Prather and

Ehhalt (2001), the global warming potential (GWP) of N2O over a 100-year average

is 296 times larger than an equal mass of CO2. This is due to the long residence time

of N2O in the atmosphere, exceeding 120 years. Consequently, even the production

of biofuels, such as biodiesel from rapeseed or bioethanol from maize, does not lead
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to a reduction of “greenhouse gas” emissions, due to the additional liberation of

N2O, which overcompensates the savings on net CO2 emission from reduced

quantities of burned fossil fuel (Crutzen 2008). Due to the high activity of N2O as

a climate gas—in addition to its impact on the ozone layer Crutzen (1970)—highly

efficient agriculture, aiming for maximal yields, releases N2O in amounts, which

are very significant for climate change. Estimates to quantify the liberation of N2O

are numerous, but include a substantial amount of uncertainty. While outlining the

challenges related to global quantifications of N2O emissions, Mosier et al. (1998)

estimated the total annual amount of global N2O emissions from agricultural soils,

animal production and aquatic systems to be in the vicinity of 6.3 TgN2O, which

exceeds previous estimates significantly. If one takes the GWP of N2O into account,

the impact of industrial nitrogen fixation, its intensive agricultural usage and the

resulting N2O emissions, the relevance for global warming becomes obvious.

In addition excessive quantities of nitrogen are known to have detrimental

effects as pollutants in the air, in water, and in the soil.

NOx, i.e., nitric oxide (NO) and nitrogen dioxide (NO2), are produced from the

reaction among nitrogen, oxygen, and also hydrocarbons during combustion. NOx

gases are produced in motor vehicles and naturally during lightning. Due to high

density of motor vehicles, it is one of the major pollutants in large cities and a key

component in tropospheric ozone production in a reaction with carbon monoxide

(CO) and volatile organic compounds (VOCs) in the presence of sunlight. While

stratospheric ozone (the ozone layer) plays a very important role in the absorption

of the sun’s ultraviolet (UV) radiation, ground-level ozone has serious health

effects by affecting the respiratory system of humans. Reduced lung function,

respiratory infections, and asthma are common consequences of high concentra-

tions of tropospheric ozone. In addition, if NOx gets in contact with moisture in the

atmosphere, it turns into nitric acid, which is the nitrogen component of acid rain

(Singh and Agarwal 2008) and responsible for acidification of water bodies, the

decrease of soil fertility, and ultimately the reduction of productivity of ecosystems

and cropping systems.

Nitrate is highly soluble, rapidly leached out of the root zone of plants and enters

the groundwater or rivers. Consequently, lakes or coastal zones become eutrophic,

frequently leading to algal blooms and excessive growths of water hyacinths

(Eichhornia crassipes) or other aquatic plants. If too much oxygen is removed,

the water body develops a “dead zone” with disastrous effects on endogenous

aquatic flora and fauna.

Low efficiency of nitrogenous fertilizer uptake of many crop plants, combined

with excessive application of nitrogen, also leads eventually to soil saturation. Due

to the fact that other nutrients are leached along with the nitrogen and negative

effects on the carbon balance of the soil, it eventually reduces the soil productivity

after an initial increase (Matson et al. 1999).

If one carefully considers the various positive and negative effects of the

industrial production of fixed nitrogen, the question arises, if the elimination of

one of the major restricting factors for agricultural production really allows the

11 Legume-Rhizobium Symbioses: Significance for Sustainable Plant Production 161



increase of the long-term carrying capacity of the globe or whether it is more of a

temporary effect. In other words, is the current intensive agricultural system really

sustainable? To elucidate this question further, biological nitrogen fixation and its

significance for sustainable plant production will be discussed here in view of

environmental and social aspects.

11.2 Biological Systems for Nitrogen Fixation

As mentioned above, the fixation of the triple-bonded molecular nitrogen (N2)

requires a substantial amount of energy. This energy is provided in industrial

fixation via fossil fuels, while diazotrophs (N2-fixing organisms) rely on light or

chemical energy to produce ammonia. All diazotrophs have a prokaryotic cell

structure and produce ammonia at ambient temperature and atmospheric pressure.

The capacity to fix nitrogen in these organisms relies on the nitrogenase enzyme

system, which, at 16 ATPs hydrolyzed per N2 fixed, carries out one of the meta-

bolically most expensive processes in biology (Simpson and Burris 1984). The

primary abiotic natural source of fixed nitrogen comes from lightning discharges

and accounts globally for<100 Tg N ha�1 year�1, while biologically fixed nitrogen

by diazotrophs is estimated to be in excess of twice the quantity (Falkowski 1997).

Diazotrophs can be differentiated in three groups with regard to their strategy to

fix nitrogen in terrestrial systems:

• Free living

• Associative

• Symbiotic

Irrespective of this general differentiation, one has to be aware of the fact that

differences are not always without ambiguity and representatives of each category

may subscribe to two groups depending on environmental parameters. One other

major distinction between the diazotrophs is the form in which they acquire their

energy. Some are carbon heterotrophic (e.g., Azospirillum), while others are carbon
autotrophic, mostly relying on light energy (e.g., Trichodesmium erythraeum).
Among free-living, carbon autotrophic diazotrophs, cyanobacteria are in terms of

nitrogen fixation performance most active (>80 kg N ha�1 year�1). Their habitat

ranges from arctic regions to hot springs. They are found in soil and fresh- and salt

water. Their agricultural significance is greatest in paddy fields used for the

cultivation of rice (Ladha and Reddy 2000). Carbon heterotrophic free-living

nitrogen-fixing bacteria (e.g., Azospirillum, Clostridium) often suffer from carbon

limitation leading to lower nitrogen fixation performance (Ladha and Reddy 2000).

Consequently, their contribution of fixed nitrogen to terrestrial systems is rather low

(�2 kg N ha�1 year�1).

Conditions in the tropics are most favorable for free-living diazotrophs occupy-

ing the phyllosphere. Here desiccation is less frequent generating conditions, which

allow the heterotrophic diazotrophs to utilize lost combined carbon from leaves as
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an energy source for N2 fixation. Fallen pollen grains, leaf leachates, and even the

cuticle itself have been suggested as a carbon source for phyllospheric microbes

(Sebastian et al. 1987). Among the numerous diazotrophs identified in the

phyllosphere are genera like Azotobacter, Pseudomonas, or Klebsiella, which are

normally found in soil. A study of Nandi and Sen (1981) indicated that under

N-limited conditions, phyllospheric diazotrophs are capable to increase plant

growth, similar to mineral leaf fertilizer. They could demonstrate that after

8 weeks of growth, plants inoculated with diazotrophs increased their nitrogen

content by a factor 4 compared to control plants. Phyllospheric nitrogen-fixing

organisms are attributed with an annual nitrogen fixation performance of 10–-

20 kg N ha�1 year�1.

Rhizospheric associations are considered more productive in nitrogen fixation

than any of the phyllospheric variants. In such associations diazotrophs, colonizing

intercellularly the inner tissues of plants without causing any apparent damage, are

referred to as an endophyte (e.g., Gluconacetobacter sp. or Azoarcus sp.).

Azospirillum sp. are facultative endophytic, thus being found both inside the root

tissues and on the root surface (van Dommelen and Vanderleyden 2007). Since a

considerable proportion of carbon fixed in photosynthesis is released into the rhizo-

sphere as root exudates, this habitat provides diazotrophs with a rich source of energy

for N2 fixation. Although plants benefit from the fixed nitrogen mainly after the death

of the bacteria, due to the dynamics of the system, a measurable benefit can be

achieved with rates of nitrogen fixation reaching up to ca. 80 kg N ha�1 year�1,

depending on conditions.

Symbiotic nitrogen fixation is the most productive form of terrestrial biological

nitrogen fixation. In these systems the plant benefits directly from the fixed N2,

while the endophyte encounters optimal conditions for survival. Such symbiotic

systems are found in legumes as well as non-legumes. In non-legumes the actino-

mycete Frankia and the blue-green algae (cyanobacteria) Nostoc and Anabaena are
of particular relevance. Cyanobacterial symbioses normally rely for the infection

process of the endophyte on cavities in plants. Often the respective plant parts are

specifically modified to accommodate the symbiont. Some plants (e.g.,

Macrozamia sp.) have specialized, apogeotropic roots, which may occur from

several centimeters blow the ground to above the soil surface. Due to their structure,

these roots are generally referred to as coralloid roots and host the cyanobacteria

(Bergman et al. 1992).

The Azolla/Anabaena system is the most important cyanobacterial symbiosis in

agriculture and utilized widely in rice cultivation. The genus Azolla comprises

aquatic ferns, widely distributed throughout the world. Anabaena enters developing
leaves of the fern on the dorsal side, where a cavity exists in young leaves. The

cavity contains mucilage and hairs, which function as transfer cells. In the early

stage of the symbiosis, the hairs facilitate the carbon transfer to the endophyte.

Newly produced hairs eventually allow the host to assimilate the ammonia pro-

duced by the increasing number of N2-fixing cells (heterocysts) of Anabaena
(Calvert et al. 1985)
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The actinomycete Frankia is capable to form nodules with his host (e.g., Alnus
sp., Casuarina sp., Allocasuarina sp.) to accommodate the symbiotic system. Root

infections and subsequent nodule development are in many ways analogous to the

process occurring in legumes (Tjepkema et al. 1986; Hansen 1994). This form of

nitrogen-fixing symbiosis plays in agriculture no significant role.

Symbioses with legumes as the macrosymbiont and species of the genera

Rhizobium or Bradyrhizobium as the microsymbiont are probably the most impor-

tant symbiotic systems and best studied (Sprent and Sprent 1990; Long 1992;

Somasegaran and Hoben 1994; Epping et al. 1994). Microsymbionts are largely

host specific. Therefore, a recognition system between the symbiotic partners is

required in order to allow the bacterial penetration and the subsequent formation of

the nodules, i.e., the specific plant organ hosting the microsymbiont and the

nitrogen fixation system. Early steps of nodule formation involve various forms

of signal exchange, bacterial attachment, and penetration into the root cortex.

Isoflavonoids, flavonoids, isoflavones, and highly specific lipo-oligosaccharides

have been attributed with a signaling function in this context. Crack entry or

more commonly root hair curling (Figs. 11.1 and 11.2) allows the formation of

annual or perennial nodules, which contain large numbers of the microsymbiont.

The infection process is extensively discussed in the literature (e.g., Kijne 1992;

Shrivastava et al. 2014) and will be described here only in a summarized form.

Nodule formation can be arbitrarily divided into the stages of preinfection, infec-

tion, nodule formation, and differentiation. In the first step of infection, rhizobial

cells attach to the root hair. Subsequently, a host-specific tight root hair curling is

induced, followed by entrapment of the bacteria. This being a prerequisite for

ingestion induces host cell wall degradation and invagination the host plasma

membrane. The tubular invagination of the plasma membrane extends during the

progress of the infection process, which is accompanied by a deposition of cell wall

material in the subapical region of the invagination membrane. This structure has

been described as the infection thread (see Fig. 11.2) and contains the invading

rhizobia, which are eventually released into the host cells (infected cells) in a

process resembling endocytosis. In conjunction with the initial infection thread

development, growth of the tip of the root hair is terminated. Subsequently, the

formation of a nodule primordium starts (Fig. 11.2) with cell division in the inner

cortex at several cells ahead of the advancing infection thread. Neighboring cortical

cells commence with mitotic activity leading to a meristematic area, eventually

giving rise to a differentiated nodule (Kijne 1992). The “infected cells” allow the

bacteria to differentiate into bacteroids. Growth-inhibiting substances released by

the host have been implicated to serve as a controlling factor during this stage

(Ozawa and Tsuji 1993). In morphological and physiological terms, bacteroids are

modified bacteria, which, during the differentiation process, loose their cell wall

and become substantially enlarged and enclosed by a peribacteroid membrane.

Biogenesis of the enclosing membrane is thought to involve the plant plasmalemma

and cell membrane systems as well as bacterial cells. Each peribacteroid membrane

may encircle one or numerous (up to around 20) bacteroids depending on the plant
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species and age of the nodule. The region of fully differentiated, infected cells is the

nitrogen-fixing zone of the nodule (see Fig. 11.2).

One can differentiate between determinate and indeterminate nodules, forming

the two major types of symbiotic organs in legumes. The nodule morphology is

determined by the macrosymbiont rather than the rhizobial strain. Consequently,

each plant species characteristically forms only one type of nodules. However,

according to a study of Iqbal and Mahmood (1992), Leucaena leucocephala forms

Fig. 11.1 Schematic drawing of early steps of rhizobial attachment (a), trichoblast extension (b),
induction of root hair curling (c), and (d) penetration of rhizobia with infection thread formation

(Hansen 1994). Detailed drawing in expanded box indicates details of the rhizobial attachment

following the Nod factor reception model of Hirsch (1992)
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an exception, being capable to produce determinate and indeterminate nodules.

Although symbiotically active nodules are typically found on roots, stem nodula-

tion is also known in some genera, e.g., Sesbania or Aeschynomene (Fig. 11.3).

Stem nodulation appears to be influenced by environmental conditions, e.g., paddy

soils versus upland location (Joshua et al. 1992).

The main difference between determinate and indeterminate nodules is the

extent of the lifespan of their meristems (Figs. 11.4 and 11.5), being persistent in

the latter, but not in the former case. Among the commonalities of the two, one

should mention that they have similar central and peripheral tissues. While the

central tissues house the endophyte in the infected cells, the interstitial cells in the

same region remain uninfected. The nodule cortex, the endodermis, and nodule

parenchyma form part of the peripheral tissue and contain the vascular bundles.

Cell division activity in determinate nodules is only transient, leading to nodules of

a more or less spherical shape, typically found on soybean (Glycine max), mung

bean (Vigna radiata), and many other crop plants. Indeterminate nodules possess a

persistent meristem, producing initials that remain part of the meristem and further

give rise to differentiated cells, which in the process become infected. Due to the

continued meristematic activity cylindrical, bifurcated or coralloid nodules of

perennial nature are formed (Fig. 11.5).

Fig. 11.2 Rhizobial attachment on Glycine max (a), curled root hair of Phaseolus vulgaris with
infection thread (b), nodule primordium in Phaseolus vulgaris (c), and dark purple infected cells

on the left side and lighter-colored uninfected cells on the right side in Glycine max (d). From
Hansen (unpublished)
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11.3 Metabolism of Biological Nitrogen Fixation

The nitrogenase enzyme complex is responsible for the nitrogen fixation process in

all eubacteria (Hinnemann and Nørskov 2006). The process requires 16 mol ATP

for reduction of molecular nitrogen to 2 mol NH3. Depending on physiological

conditions and the type of nitrogenase, more than 50 % of the energy may be used to

produce molecular hydrogen. Thus, the energy demand can drastically vary. The

enzyme shows high sensitivity to free oxygen. Consequently, an efficient carbon

metabolism has to be maintained in the nodule to ensure O2-limited conditions of

the symbiotic system (Lance and Rustin 1984; Vance and Heichel 1991; Werner

1992).

Three forms of the nitrogenase enzyme complex are currently known. The most

common and earliest discovered one is the molybdenum nitrogenase, containing

two metalloproteins, the iron (Fe) protein and the molybdenum-iron (MoFe) pro-

tein. Vanadium nitrogenases are the second form of the N2-fixing enzyme, consid-

ered to be a backup system, since it is encoded along with the molybdenum analog

Fig. 11.3 Pictures of root and stem nodules of Sesbania rostrata (from Hansen, unpublished)
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Site of initial cell 

division

Inner cortex Outer cortex

Nodule growth Persistent After initial establishment, mainly cell 

expansion

Infection thread Broad Narrow

Export products Amides Ureides 

Site of N2 assimilation Infected cells Interstitial cells

Life span Perennial Annual

M, meristem; TI, thread invasion zone and zone of plan cell expansion; ES, early symbiotic zone with symbiosomes; 

NF, zone of nitrogen fixation; S, senescent zone; NC, nodule cortex; NE, nodule endodermis; NP, nodule 

parenchyma, VT, vascular tissue; BL, boundary layer; L, lenticel in peride

Fig. 11.4 Major differences between indeterminate and determinate nodules [from Hansen

(1994)]

Fig. 11.5 Determinate root nodules of Phaseolus vulgaris (a); indeterminate, bifurcated nodule of

Acacia extensa (b); and indeterminate, coralloid root nodule of Mimosa pudica (c) from Hansen

(unpublished)
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and expressed in case of Mo deficiency. Vanadium nitrogenases are also more

efficient and are predominately expressed at low temperatures. The third form of

nitrogenase is an iron-only variety, expressed under conditions of Mo and V

deficiency. Vanadium nitrogenases have been isolated form Azotobacter vinelandii
and Azotobacter croococcum, while Fe-only nitrogenases were found in

Rhodobacter capsulatus, Rhodospirillum rubrum, as well as Azotobacter vinelandii
(Krahn et al. 2002). The non-molybdenum nitrogenases may have a technological

application due to much higher rates of hydrogen evolution. As mentioned above, in

vanadium and Fe-only nitrogenases, 50 % or more of the energy is allocated to this

process—twice as much as in molybdenum nitrogenases (Rehder 2000). Other

technical applications may be possible for vanadium nitrogenases, due to their

ability to reduce carbon monoxide (CO) to ethylene (C2H4), ethane (C2H6), and

propane (C3H8) (Lee et al. 2010).

The reduction of N2 by the most common molybdenum nitrogenase has been

outlined in numerous publications (e.g., Newton 1992; Orme-Johnson 1992; Kim

and Rees 1992a, b) and can be summarized in three major steps:

1. Reduction of the Fe-protein by electron carriers (e.g., flavodoxin)

2. Transfer of the electrons to the MoFe-protein in a MgATP-dependent process

3. Electron and proton transfer to the substrate

The reactions and components, which are part of the nitrogen fixation process,

are depicted in a simplified schematic drawing in Fig. 11.6. For review and more

details regarding the symbiotically active compartments and their function, see

Werner (1992) or Hinnemann and Nørskov (2006).

11.4 Measurement of Nitrogen Fixation

Measurement of biological nitrogen fixation is essential for the determination of

global inputs of symbiotically produced combined nitrogen. Due to the magnitude

of biological nitrogen fixation (see above), the understanding and management of

the nitrogen cycle on Earth is highly dependent on accurate data. However,

precisely the question of accuracy has been discussed in the scientific literature in
extenso, since all known methods are subject to significant drawbacks leading to

potentially large errors. Consequently, most studies are retreating to the usage of the

term “estimate” rather than “measurement,” despite the fact that certain parameters

can be measured. The translation of such measurements to quantities of N2 fixed on

a larger scale is a problem often approached, but never completely resolved—so far.

Estimates can be improved if the technique of choice is combined with other

methods to confirm results. In principle one can differentiate two groups of tech-

niques: direct and indirect methods. Direct methods use nitrogen itself to determine

N2 fixation. The oldest direct approach is the nitrogen-difference technique, which

is based on the assessment of the difference between the amount of N in a legume

crop compared to a non-N2-fixing control crop. A variant of that approach is the
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N-balance method, which is based on the principle that the plant/soil system will

accumulate nitrogen over the years, if there is an input form N2 fixation. However,

due to N losses from denitrification, volatilization and leaching, accuracy is limited.

In addition inputs from pollution-related N compounds or lightning may restrict the

accuracy of the method further, unless inputs and outputs can be assessed (Giller

and Merckx 2003). Other direct methods rely on the stable isotope 15N. Indirect

methods are reliant on alternative substances indicating N2 fixation, namely, these

are the acetylene reduction method and the xylem-solute technique.

Fig. 11.6 Scheme of the components and reactions during N2 fixation by the molybdenum

nitrogenase enzyme complex in a bacteroid and adjacent cells. The Fe-protein reduces the

MoFe-protein and becomes itself reduced via the electron surplus of flavodoxin or ferredoxin.

Alternatively, electrons pass from NAD(P)H to flavodoxin via proteins or to the electron transport
chain. Hydrogenase is responsible for the recycling of H2 produced during N2 fixation
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11.4.1 The N Difference Method

The N difference method compares the N accumulation of N2-fixing plants to

adjacent non-N2-fixing plants. This comparison assumes that N2-fixing plants

assimilate the same amount of soil mineral N as the adjacent nonsymbiotic plants.

Due to morphological and physiological differences between the compared species,

the method is rather inaccurate unless the soils are N-limited, and the symbiotic

activity of the legumes is high (Peoples and Herridge 1990). Consequently, this

method has been mainly used prior to the refinement of other approaches.

11.4.2 Stable Isotope Techniques

The stable nitrogen isotope 15N has been used to measure nitrogen fixation for more

than 60 years. However, only the wider availability of mass spectrometers for

sample analysis allowed a more common usage of this labeled form of nitrogen.

In laboratory settings the isotope can be supplied as 15N2, which allows the

measurement of the 15N2 fixed in the symbiotic system in plants. Alternatively,

the soil N pool can be enriched with 15N permitting the measurement of nitrogen

fixation by calculating the dilution of the soil nitrogen from the fixation of atmo-

spheric nitrogen (14N2). A variant of this technique is based on the preferred

utilization of lighter isotopes of elements by organisms (for review see Bowen

1960). This preference applies to nitrogen as well, leading to a natural enrichment

of soil nitrogen with 15N, avoiding the requirement to add 15N-enriched materials.

In recent years the utilization of this technique has increased, due to greater

accessibility of high-precision isotope-ratio mass spectrometers. Despite some

limitation of this method, it has been widely used in agricultural systems, while

in natural systems, its application is more limited due to increased methodological

complications (Hansen and Pate 1987b; Hansen 1994; Boddey et al. 2000; Gehring

and Vlek 2004).

11.4.3 Xylem-Solute Technique

The xylem-solute technique offers another option to assess nitrogen fixation. In

symbiotically active legumes, N compounds in the xylem originate from the soil as

well as from assimilation products of N2 fixation coming from the nodules. In cases

where pronounced differences of xylem N-solute composition in dependence of the

N source can be established, respective “indicator molecules” can be used to assess

nitrogen fixation activity (Unkovich and Pate 2000; Peoples et al. 2002). However,

such “indicator molecules” are not present in the xylem sap of all legumes. Roughly

one can differentiate two classes of legumes with specific export products. While

11 Legume-Rhizobium Symbioses: Significance for Sustainable Plant Production 171



most legumes with determinate nodules transport the majority of their fixation

products in form of ureides (i.e., allantoin and allantoic acid), legumes with

indeterminate and other form of nodules generally transport their fixed nitrogen

predominantly as the amino acid asparagine and glutamine. Agriculturally impor-

tant legumes—like soybean (Glycine max), black lentil (Vigna mungo), adzuki bean
(Vigna angularis), and common bean (Phaseolus vulgaris)—export ureides as

nitrogen fixation products from their nodules to the shoot (e.g., Hansen et al.

1995). In these species, the ratio of ureide N to total N in the xylem sap is closely

correlated with the nitrogen fixation performance of the plants. Consequently, this

method has been successfully applied in numerous studies with crop plants

(Hardarson and Danso 1993; Hansen 1994).

11.4.4 Acetylene Reduction Assay

Another method reliant on “indicator molecules” is the acetylene reduction assay.

The nitrogenase enzyme complex is not substrate specific and is capable of reduc-

ing acetylene (C2H2) to ethylene (C2H4), even with a higher affinity than it has to

N2. In fact, acetylene is already at a concentration of �6 % a competitive inhibitor

of N2 fixation (Sch€ollhorn and Burris 1967). Both gases can easily be quantified by

using a gas chromatograph equipped with a flame ionization detector. Hence, the

assay is a sensitive measure of nitrogenase activity at a specific point in time.

However, as a competitive inhibitor of N2 fixation, the activity measured by

acetylene reduction may not precisely reflect the enzyme activity in the absence

of acetylene. In addition measurements require the enclosure of the sample in a

gas-tight container to evaluate ethylene production. Physical disturbance and sub-

strate change are only some of the factors, which may lead to errors if results are

extrapolated for field studies. Consequently, the initial hype in favor of the method

ebbed down when a number of critical reports appeared (Minchin et al. 1983;

Minchin et al. 1986; Hansen et al. 1987).

All the above methods have their flaws and strengths. A major problem is mostly

the extrapolation from measurements on a number of individual plants. This applies

to the acetylene reduction assay as well as the xylem-solute technique. Depending

on the experimental setup, also 15N-involving methods can subscribe to the same

challenge. Hence, integrated methods, like the N difference method, have a clear

advantage in that respect, since they provide an estimate over time and do not

require extrapolations from individually measured plants (for more extensive

comparison of the methods, see, e.g., Hansen (1994)). However, it is not a method

of precise measurement, but rather a comparison between two different species and

subject to all the problems associated with a comparison of plants, with different

physiological and morphological characteristics. Hence, the term “estimate” is

indeed more appropriate than “measurement.” This is the reason why exact mea-

surements of global inputs of biological nitrogen fixation are so difficult and
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constantly are in need of correction (e.g., Delwiche 1970; Burris 1980; Galloway

et al. 1995; Herridge et al. 2008).

11.5 Environmental Impact on Biological N2 Fixation

Due to the high-energy demand of N2 fixation and the dependence of the

microsymbiont to get this energy from the macrosymbiont, anything affecting

plant photosynthetic activity will also eventually influence nitrogen fixation. How-

ever, the symbiotic system is usually more sensitive to adverse conditions than the

plant. Hence, reductions in symbiotic activity can normally be detected prior to

effects on plant grows. In general, the impact of environmental conditions on

nitrogen fixation is rather complex, involving aspects of population dynamics of

rhizobia, infection, nodulation, host plant development, and so on. Many of the

effects have been outlined in the literature (e.g., Wood and Cooper 1988a, b; Sprent

and Sprent 1990). This chapter will cover some of the most important factors

without a detailed outline of the various interactions between specific parameters.

11.5.1 Temperature

Temperature will affect nodulation and symbiotic activity. However, the effects

may vary depending of rhizobial strain, the host plant, and their respective adapta-

tions to specific temperatures. Not surprisingly low temperatures less affect plants

and rhizobial strains from cold climatic regions than those from warmer climates.

Despite such adaptations of different species, within one species, there is generally

a fairly narrow range of adjustment to extreme temperature changes (Hungria et al.

1993).

While air temperature affects primarily photosynthesis, thus indirectly influ-

ences N2 fixation by changing the carbon supply, soil temperature directly affects

nodulation and symbiotic activity. Temperatures below 10 �C will generally delay

nodulation. As in most biological systems, the bulk of the literature regarding this

aspect suggests that each symbiotic system is subject to a specific temperature

optimum (e.g., Schomberg and Weaver 1992; Shuler and Hannaway 1993; Zang

et al. 1995). While beyond that point water deficits often cause complications, low

temperatures usually reduce symbiotic activity due to a reduction in dissimilation of

sugars in the nodule. Keeping the obligate exceptions in mind, one can generally

say that N2 fixation is more temperature sensitive than the uptake of combined N.
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11.5.2 Soil pH

Under acidic conditions N2 fixation is in general detrimentally affected, limiting

Rhizobium survival and persistence in soils, thus reducing nodulation. Failure to

nodulate under acid-soil conditions is common. Acid soils may also be low in levels

of various plant nutrients, e.g., available calcium, magnesium, phosphorus, and

molybdenum. They frequently also contain levels of aluminum and magnesium,

which are toxic to the host (Zahran 1999). However, acid-tolerant rhizobial strains

and legumes (e.g., Cunningham and Munns 1984; Graham et al. 1994; Hansen

1994; Mpepereki et al. 1997) as well as rhizobial strains with tolerance to high

aluminum and magnesium levels have been reported in the literature (Graham

1992). Lime applications to ameliorate soil conditions have been demonstrated to

be effective, while calcium fulvate was shown to be a feasible alternative to

increase soil pH (Van Der Watt et al. 1991). Even a small increase of soil pH—

from 4.5 to 4.9—can have a marked effect on growth and nitrogen fixation (Peoples

et al. 1995).

11.5.3 Salinity

Salinity affects plant growth in general and legumes are no exception (Manchanda

and Garg 2008). Salinity reduces nodulation due to distortion of root hairs as well as

epidermal and hypodermal cells (Sprent and Sprent 1990). However, also mature

nodules are affected, and degradation of bacteroids in the host cell can be observed

if salinity and reduced photosynthetic activity occur together (James et al. 1993).

Also nitrogenase activity is affected, and lower amounts of leghemoglobin, soluble

protein, and carbohydrate contents of the cytosol and bacteriods are found under

specific conditions (Abdalla 1992). High salt concentrations ultimately lead to

reductions in N2 fixation and eventually its termination, probably due to osmotic

withdrawal of water from nodules. For the cultivation of legumes under saline

conditions, the selection of resistant rhizobia in combination with tolerant legumes

appears to be most promising.

11.5.4 Soil Moisture

Water stress has a profound impact on N2 fixation. A retardation of nodule

development is often observed and attributed to a lower rhizobial motility in the

soil, reduced reproduction of bacteria in the rhizosphere, and a reduction of

infection thread formation. Established nodules experience premature senescence

and may loose their functionality completely, if they experience a loss of 20 % of

their fresh weight. Effects can be reduced if drought-tolerant strains are selected
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(Athar and Johnson 1996; Esfahani and Mosterjeran 2011; Gehlot et al. 2012;

Karmakar et al. 2014). The process of N2 fixation may decline by the reduction

of photosynthate supply by the host plant to the nodules, leading to lower respira-

tion. Due to their persistent meristem, usually indeterminate nodules tend to recover

easier after alleviation of drought conditions. In Mediterranean climate of Western

Australia, perennial legumes loose some of their nodules during the dry summer

period (Hansen and Pate 1987a). Winter rains induce subsequent nodule develop-

ment and N2 fixation after some time required for the establishment of a new

generation of nodules and the reactivation of some old nodules. At least in the

Acacia spp. studied in the above investigation, it was conclusively proven that the

plant had a higher tolerance to desiccation than the symbiotic system in the nodules.

At the other end of the spectrum, under conditions of water logging, the largest

complication legumes have to overcome is the reduction in oxygen supply to the

nodules for respiration. Enhanced phellogen activity of nodules and production of

particularly large lenticels often occur under such conditions. The development of

an aerenchyma tissue is an alternative adaptation, allowing a continuous supply of

oxygen for nodule respiration (e.g., Viminaria juncea). Stem nodules as found in

Sesbania rostrata are yet another kind of adaptation to conditions of frequent water
logging (see Fig. 11.3).

11.5.5 Presence of Rhizobia for Nodulation

The presence of compatible rhizobia is of crucial significance for the establishment

of a functional symbiotic system and N2 fixation. It is obvious that inoculations are

essential in the absence of rhizobia. However, they are equally relevant in the

presence of native, inefficient rhizobia. In an agricultural setting, results can be

improved by sowing leguminous crops jointly with the provision of a rhizobial

inoculum. These need to be optimized in terms of their nodulation and fixation

performance under the specific edaphic conditions, taking moisture, texture, pH,

salinity, etc. into account. In the USA, Canada, and a number of other countries,

such practice is long established. The application of rhizobia relies mostly on two

alternative means, i.e., direct soil application or seed-applied inoculation. The

former generally relies on granules or liquid culture, which is diluted to a slurry

to be distributed by spray application. The latter variant usually requires mixing of

seeds with a peat culture—or other carriers—containing the rhizobia (for review

see Deaker et al. 2004).

However, it is often a laborious task to optimize the compatibility of the macro-

and microsymbiont, since strain characteristics, environmental conditions, resis-

tance to disease, and numerous other factors play an important role. Introduced

rhizobia need to survive in the local edaphic conditions, withstand the complete

assortment of chemicals in the soils, as well as natural or artificial bactericides.

Bacteriophages and competition with other bacteria and diazotrophs, trying to fill

the same ecological niche, pose further challenges for the survival of inoculates.
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Consequently, inoculation with superior strains does not per se lead to improved

N2 fixation. Therefore, field tests are required to ensure that the inoculation has

been successful. Some reports in the literature have also demonstrated a beneficial

effect of co-inoculation with rhizobia and mycorrhizae (Wang et al. 2011). Such

dual inoculations usually increase the availability of phosphorus to the plant,

enhancing plant growth and photosynthate supply to the nodules, in turn leading

to an improved N2-fixation performance.

The improvement of nodulation via the genetic modification of the host plant has

been another attempt to improve nodulation and N2 fixation. Supernodulating

mutants lack the internal regulation to control the number of root nodules that

harbor the symbiotic diazotrophs. However, increased nodulation is often associ-

ated with reductions in plant growth resulting in a disproportion between photo-

synthetic capacity of the host and the respiratory demands of the nodules (Hansen

et al. 1992a, b, 1993a, b; Novak 2010). Despite such potential restrictions, it was

recently shown that under optimal growth conditions for supernodulated plants,

symbiotic activity of nodules may not be hampered (Cabeza et al. 2014).

11.6 Sustainable Food Security: Are Legume-Rhizobium
Symbioses a Solution?

In an environmental context, sustainability is viewed as the ability to continue a

defined behavior indefinitely. Morelli (2011) defines environmental sustainability

more precisely: “as meeting the resource and services needs of current and future

generations without compromising the health of the ecosystems that provide

them—and more specifically—as a condition of balance, resilience, and intercon-

nectedness that allows human society to satisfy its need while neither exceeding the

capacity of its supporting ecosystems to continue to regenerate the services neces-

sary to meet those needs nor by our actions diminishing biological diversity.” In

view of the developments outlined in the introduction, it becomes clear that the

unquestionable benefits of the “Green Revolution” led primarily to a vast increase

in provision of agricultural products, i.e. food to alleviate famines and help to

reduce the suffering of the needy. With less than half of the global human popula-

tion in the 1940s than today, the question of sustainability was less on the mind of

people. Now—about 70 years later—Earth supports a lot more inhabitants due to

the availability of food in larger quantities. Progress with the reduction of infectious

diseases helped further to support the increase in human population to the extent

that even the vastly improved food availability is not sufficient to feed everyone.

Thus, famines still occur. Agriculture cannot keep up with the growing demand.

Logistics of food distribution and storage remain a challenge. So, did the “Green

Revolution” solve the problem? One might argue that it appeared so for some time,

but essentially it brought the system to a different—higher—level, and with it, the

problems grew as well. The intensive application of nitrogenous fertilizer causes
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not only environmental problems with the water table through leaching an nitrate

contamination, soil degradation, and air pollution but also generates a large climate

gas footprint, contributing to global warming. Therefore, modern agriculture—in

its intensive form—is not fulfilling the above criteria of sustainability (Bohlool

et al. 1992; Morelli 2011).

Biological nitrogen fixation is certainly a better option, if emphasis is prioritized

toward sustainability rather than maximum agricultural output (Peoples and

Craswell 1992). Due to the high costs of nitrogenous fertilizer, lower-income

economies are disadvantaged. Biological nitrogen fixation relies on renewable

solar energy, avoids or at least reduces the risks of groundwater pollution, and

largely prevents erosion via the provision of a vegetative cover. It utilizes a

virtually unlimited source of atmospheric N2 and is a preferred choice in

low-income countries, if less intensive agriculture is practiced. The full potential

of less known legumes is by far not utilized yet (Sprent et al. 2010). Hence, despite

numerous challenges under different conditions, the rhizobial symbioses allow in

general a sustainable agricultural production system (e.g., Peoples et al. 2009;

Sprent et al. 2010). Further improvements of the symbiotic system—via breeding,

molecular biological techniques, genetic engineering, or optimizing inoculants and

host plants—are likely to further improve the fixation performance of legumes in

the field. However, it is unlikely that improvements can match the annual increase

of nitrogenous fertilizer of 2–8 % (FAO 2012). Consequently, sustainable food

security is possible to achieve only in a situation of a more or less stable demand

situation rather than in situations of unchecked dynamic growth. In a stable setting,

rhizobial symbioses may well be a solution to achieve food security.

11.7 Conclusion

At the turn of the century, Paul Crutzen and Eugene Stoermer minted the term

“Anthropocene” (from the Greek word �anthrōpos human being and cene meaning

new), signifying the dominant role of human beings on altering the environmental

conditions on the Earth while rivaling global geophysical processes. Many

stratigraphers criticize the term from a geological perspective saying that there is

no exact boundary where it appears in the rock strata to differentiate it from the

geological term Holocene (entirely recent), which began after the last ice age,

11,700 years ago. However, the term has been well understood, if one looks at it

from a wider—not purely geological—perspective. What Crutzen and Stoermer

meant to underline is that human societies have for about 200 years fundamentally

altered the living conditions on the planet. Climate change, rising sea level, and

CO2 concentrations are just some indicators for these changes. The human alter-

ation of the nitrogen cycle is another important and significant global change of

conditions (Vitousek et al. 1997). Heavy application of industrially produced

nitrogen fertilizer is one of the factors leading to the departure from sustainable

plant production. It has increased agricultural production dramatically during the
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last 70 years or so, but it comes with a cost. Input efficiency of N fertilizer is very

low, leading to numerous environmental challenges (Vitousek et al. 1997). Conse-

quently, alternatives to intensive N fertilizer use need to be considered. Biological

N2 fixation offers under certain conditions an economically attractive and environ-

mentally sustainable option to reduce external input and the establishment of a

balanced production system. The legume-Rhizobium system is—apart from the

Azolla/Anabaena symbiotic system in paddy rice cultivation—a major source of

combined N in many terrestrial cropping systems. However, modern agriculture is

based on maximum output, thereby not taking into account the eventual depletion

of agricultural soil, water pollution, fossil fuel consumption, environmental quality,

and the effect on global warming. Hence, the real expenses—the environmental

costs—are ignored in most intensive agricultural systems. Consequently,

irrespective of intensive research, resulting in substantial improvements of host

plants and bacterial inoculum, the overall proportion of global contributions of

nitrogen fixation relative to industrially fixed N has decreased over the last 40 years.

Although exact data are lacking, the majority of publications indicate that the

proportion of biologically fixed N2 has dropped from ⅔ of the global contribution

to½ in the last four decades, which coincides with a continuous increase in global N

fertilizer demand of between 2 and 8 % per year (FAO 2012). The improvements of

the legume-Rhizobium symbiotic system can most likely provide food security in

line with the carrying capacity for our species on the globe, but cannot keep up with

accelerating expansion of the global population and the per capita demand. If we

progress further toward a system aiming for the maximization of global human

population, i.e., entering deeper into the “Anthropocene” (Crutzen and Stoermer

2000), we may not be able to prevent changing the Earth’s environmental system to

a state, which cannot support the living conditions existing species are adapted to.
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Chapter 12

Tools and Techniques to Study Multidrug

Transporters of Yeasts

Abdul Haseeb Shah, Sudhanshu Shukla, and Rajendra Prasad

Abstract Considering the increase in incidence of multidrug resistance (MDR) in

yeast, there is, in parallel, spurt in research in the field. Expectedly there are several

good articles which highlight the MDR research, but there is very limited informa-

tion available which deals with the methods used to study MDR in yeast. In this

contribution, an attempt is made to describe in detail routine protocols used to study

different aspects of MDR in yeast, particularly dealing with multidrug efflux pump

protein-related functions. Different drug susceptibility assays can be performed on

solid or on liquid media using clinically approved protocols. Moreover, properties

and activity scales of drug efflux pumps can be measured by performing their

substrate efflux activity using suitable substrate depending on choice of protocol

or transporter under study. These drug transporters can be overexpressed in differ-

ent systems or can be expressed in drug-susceptible strains to clearly follow their

contribution in development of drug resistance. It is hoped that this chapter will be

useful in studying the role of drug transporters in the phenomenona of MDR in

yeast.
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12.1 Introduction

Multidrug resistance (MDR) is a phenomenon wherein a resistant organism pos-

sesses many different mechanisms, which contribute to enhance collateral drug

resistance to variety of xenobiotics. Hence, MDR leads to higher drug tolerance,

which is manifested by multiple mechanisms. Many opportunistic fungal pathogens

also develop tolerance to different antifungal treatment regimes leading to the

development of MDR (White et al. 1998; Shapiro et al. 2011; Prasad et al. 2014).

Among several mechanisms of MDR which have been characterized in yeast

includes the development of yeast cell’s inability to accumulate drugs intracellu-

larly to toxic levels. This generally happens due to an overexpression of membrane-

embedded transporters acting as multidrug efflux pumps. The rapid efflux in

resistant strains ensures that the drug is not accumulated to lethal levels (Cannon

et al. 2009). Several azole-resistant clinical isolates of pathogenic yeast Candida
albicans as well as of other fungal pathogens like Aspergillus fumigates and

Cryptococcus neoformans display transcriptional activation of efflux pump-

encoding genes and often show reduced intracellular accumulation of drugs, thus

confirming the role of efflux proteins in drug extrusion and tolerance (Nascimento

et al. 2003; Prasad and Kapoor 2005; Cannon et al. 2009). Additionally, perme-

ability changes leading to decreased drug import also contribute toward to the

development of drug resistance (Mansfield et al. 2010).

This chapter focuses on the methods to study the efflux transporters involved in

the development of MDR in yeasts, taking example of a pathogenic yeast

C. albicans. A brief description of efflux pump proteins is preceding methods.

12.1.1 MDR Transporters

An overexpression of efflux pump proteins, particularly ATP-binding cassette

(ABC) multidrug transporter proteins Cdr1 and Cdr2 or major facilitator superfam-

ily (MFS) protein Mdr1, is observed in azole-resistant clinical isolates of

C. albicans (White et al. 2002; Karababa et al. 2004; Kusch et al. 2004; Prasad

and Kapoor 2005). Drug-resistant Candida cells, which show enhanced expression

of efflux pump-encoding genes, also show simultaneous increase in the efflux of

drugs (Cannon et al. 2009). Notably, Candida genome possesses several members

of ABC and MFS family of proteins; however, only a few members of these

families function as multidrug transporter with their defined roles in clinical drug

resistance (Prasad and Goffeau 2012).

Topologically, both ABC and MFS drug transporters differ from each other and

that also reflect different mechanisms of drug transport employed by the members

of these two superfamilies of proteins. For instance, full-length ABC transporters

generally consist of two similar halves each in turn consisting of one transmem-

brane domain (TMD) and one cytoplasmic nucleotide-binding domain (NBD).
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NBDs that bind and hydrolyze ATP power the substrate efflux, bound within TMDs

where drug binding sites exist. Each TMD consists of six continuous alpha-helical

transmembrane segments (TMS), arranged to form drug binding sites (Prasad and

Goffeau 2012). MFS transporters on the other hand also consist of two similar

TMDs each consisting of six TMSs within a single polypeptide chain; however,

they are devoid of NBDs. The MFS proteins with role in clinical drug resistance

function as drug/H+ antiporters (Stephanie et al. 1998). The MFS transporter in

Candida, Mdr1p, is an antiporter and possesses a conserved antiporter motif,

critical for its functionality (Pasrija et al. 2007).

Transport of drugs mediated by multidrug transporters belonging to either ABC

or MFS superfamilies represents one of the major mechanisms of MDR in Candida.
The discussion below details methods employed to evaluate drug susceptibility,

drug transport, and approaches to study the structure and function of transporter

proteins.

12.2 Drug Susceptibility Assay

Antifungal susceptibility testing (AST) has become important criteria to evaluate

the increasing incidence of fungal infections particularly due to C. albicans and

non-albicans species in immune-compromised patients. Susceptibility testing needs

to be performed for infectious organisms for which susceptibility to antifungal

drugs is not known or for the organisms which are believed to have developed drug

resistance through the involvement of one or more resistance mechanisms (CLSI

2008a). It is also imperative to perform susceptibility testing for novel antifungal

agents for which earlier reports are not available to get an idea about the range of

drug concentrations that can be effective against particular fungal species. Suscep-

tibility test needs to be performed individually for different species, rather than

using a source of infection containing multiple fungal species which thus cannot

guarantee the results about a particular fungal species (CLSI 2008a).

There are many susceptibility tests developed over the years to monitor devel-

opment of tolerance to several antifungal agents. It is therefore reasonable to look

for reproducible and reliable testing methods to analyze the susceptibility pattern of

various fungal species and efficacy of different classes of antifungal drugs. AST is

continuously under development since the 1980s. Clinical Laboratory Standards

Institute (CLSI) is holding important role in the development and uniformity of the

susceptibility testing protocols worldwide. In addition to CLSI, there are many

different laboratory and/or industry-developed manual protocols, which add to the

antifungal susceptibility testing regimes available to clinicians or researchers to

access the antifungal susceptibility patterns (Fothergill 2012; Amsden 2015). CLSI

has now given the standard and reliable protocols that are being used for drug

susceptibility testing, and results are considered good enough for clinicians for

disease follow-up and treatment (Fothergill 2012). This antifungal susceptibility

testing can be performed by different standard methods as discussed below and is an
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important criterion in guiding the management of antifungal therapy. These

methods being used currently differ either on the basis of type of fungi under

study or on the basis of experimental procedure being followed. The methods

described below are mostly used for planktonic fungal cells particularly Candida,
but can be extended to other cells with minor modifications. For other filamentous

fungi, the methods described may differ, and those are well described elsewhere

(Fothergill 2012).

12.2.1 Broth Microdilution Method

Minimum inhibitory concentration (MIC), which is routinely used in describing

drug susceptibility of an organism, implies a minimum drug concentration, which

causes the specified reduction in the microbial growth by microdilution assay. MIC

determination is routinely employed as an upfront procedure to evaluate drug

susceptibility of particular species. For the determinations of MICs, currently two

different CLSI protocols are released and being followed which include M27-A3

(CLSI 2008a) for broth dilution yeast antifungal susceptibility testing and M38-A2

(CLSI 2008b) for broth dilution filamentous fungi antifungal susceptibility testing.

Current M27-A3 antifungal susceptibility testing of yeasts is specially evaluated for

Candida and Cryptococcus species which generally cause invasive infections but

has been also used extensively for other dimorphic fungi (most fungi are dimorphic

and can exist either exclusively as yeast or in mycelial forms or as mixed

populations) (Fothergill 2012).

Some of the important parameters set for the current protocol for MIC determi-

nations include inoculum size of 0.5–2.5�103 CFU/ml, RPMI 1640 as testing

media, and incubation time of 24, 48, or 72 h depending on species and/or drug

in use.

MIC determinations are generally done in 96-well MIC plates (traditionally used

for ELISA), which gives the option to test the range of drug concentrations in a

single run. Earlier, five-point breakup criteria were used to depict the efficacy of an

antifungal drug against fungal isolates. These include susceptible, intermediate,

dose-dependent susceptible, resistant, and non-susceptible; however, routinely,

only two-point breakup criteria are considered for fungal isolates (Fig. 12.1a).

Thus a strain could either be susceptible or non-susceptible against the tested

drug. An end point can be evaluated visually (by looking at the growth density)

and subsequently can be validated spectrophotometrically. The time to terminate

incubation of MIC assay could vary but should be uniformly followed for set of

determinations. Normally, the species under consideration used to be major factor

in deciding the incubation time. For example, for Candida species, it is generally

48 h, and in case of Cryptococcus species, 72 h is recommended. In addition to

species under consideration, different drugs in use could also be a factor in deciding

the incubation period. For example, for amphotericin B, fluconazole, and candins,

24 h incubation period is recommended for end point determination, while it is
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48 or 72 h for other drugs in case of Cryptococcus neoformans. For Candida
species, end point for candins is 24 h time point, while for amphotericin B and

fluconazole, end point can be read at 24 or 48 h (CLSI 2008a; Fothergill 2012).

12.2.2 Disk Diffusion Method

In addition to broth microdilution assay, an alternative (CLSI M44A2) methodol-

ogy for drug susceptibility testing is also recommended. This is considered as cost-

effective and rapid antifungal susceptibility testing protocol for microbiology

laboratories. The disk diffusion protocol was earlier adopted by CLSI for

antibacterial testing and has now also been recommended for antifungal suscepti-

bility testing (NCCLS 2004; CLSI 2009). The CLSI document provides approved

breakpoints for Candida species for antifungal azole drugs like fluconazole and

voriconazole and to candins like caspofungin and provides quantitative results after

20–24 h incubation (CLSI 2009). To assist with yeast growth and to enhance

visualization of the diameters of zone of inhibition, the addition of methylene

blue glucose is encouraged (Fig. 12.1b). This document is further expected to

Fig. 12.1 (a) Depiction of results of broth microdilution assay of WT yeast strain and compared

with three different mutants (M1–M3). Concentration of drug decreases twofold each time from

well 1–10. Well 11 represents growth control and does not contain any drug, while well 12 rep-

resents media control without drug and cells. Growth increases from red to green color as shown in
growth scale. (b) Drug resistance profile of AD1-8u� and CDR1 against particular concentration

of antifungal drugs fluconazole (FLC) 64 μg, itraconazole (ITC) 4 μg, ketoconazole (KTC) 2 μg,
and miconazole (MIC) 0.25 as seen in disk diffusion assay
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encourage the development of disk diffusion testing for additional antifungal agents

and other fungal pathogens (CLSI 2009).

For non-dermatophyte filamentous fungi, the current CLSI protocol for disk

diffusion antifungal susceptibility testing is M51-A (CLSI 2010). By using this

protocol, susceptibility to antifungal drugs like itraconazole, posaconazole,

voriconazole, amphotericin B, and caspofungin has been evaluated. Epidemiolog-

ical cutoff values (ECVs) have been developed based on a comparison of zone

diameters vs. minimal inhibitory concentrations (MICs) or minimal effective con-

centrations (MECs). ECVs have been used to detect those isolates that are likely to

have acquired enhanced resistance or reduced susceptibility to antifungal agents. In

this particular protocol, results can be determined after only 16–48 h incubation as

opposed to 24–72 h with CLSI document M38 (CLSI 2010). This document is

further expected to encourage the development of disk diffusion testing for other

antifungal agents.

12.2.3 Checkerboard or Synergy Assays

Checkerboard assays between two different antifungal compounds are performed to

address their interaction and are the basis for calculation of the fractional inhibitory

concentration index (FICI) (Odds 2003; Septama and Panichayupakaranant 2016).

One of the drugs at a non-inhibitory concentration is diluted by twofold dilutions

along the x-axis of the 96-well plates, while another drug at its non-inhibitory

concentration is diluted by twofold dilutions along the y-axis of the plate. Notably,

individual drug should not be inhibitory to growth at any of the concentrations used

to check for synergistic effects with other compound. After inoculation of about

100 μl of 0.1�105 cells in each well, the plates are incubated at 30 �C for 48 h in

RPMI 1640 media. The MIC value is considered as the lowest concentration of the

compounds, alone or in combination, required for inhibition of fungal growth

measured at O. D500 nm (Maurya et al. 2011; Septama and Panichayupakaranant

2016). The interaction between the two drug compounds is determined by quanti-

fying the FICI using the following equation:

FICI ¼ FICAþFICB¼ CA
comb=MICA

aloneþCB
comb=MICB

alone
,

where MICA
alone and MICB

alone are the MICs of drug A and B when acting alone

and CA
comb and CB

comb are concentrations of drugs A and B at the iso-effective

combinations, respectively (Maurya et al. 2011). If the condition arises that the

MIC or MEC results in an off-scale value, the value is converted to the next higher

or lower concentration. Growth and sterility controls need to be included in each

individual experiment/plate. If any solvent is used for drug suspension, the equal

amount of solvent should also be checked individually for each strain to exclude

any solvent-related effects on growth leading to misinterpretation. A particular drug
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is considered as synergistic when FICI � 0.5, FICI of >0.5 and �4.0 ¼ no

interaction, and FICI of >4.0 ¼ antagonism (Odds 2003). As an example results

of checkerboard assay showing no interaction between drug 1 and drug 2 and

synergy between drug 1 and drug 3 are shown in Fig. 12.2a, b.

12.2.4 Serial Dilution Assay

Serial dilution assay or drug susceptibility spot assays are performed routinely in

microbiology laboratories to evaluate the antifungal effects of drugs or suscepti-

bility pattern of different yeast strains on solid agar drug plates. Serial dilution or

spot assay is generally performed when the MIC of a particular drug against a

particular fungal strain is already known. In cases where MIC of a compound is not

known, broth microdilution method could be used by trying out range of concen-

trations. The method is good when one is interested in comparing growth of set of

isolates, which may be expected to have altered susceptibility. Susceptibility of test

strains is then determined by employing known drug concentrations, and growth is

compared with their respective isogenic parental strains by serial dilution assays

Fig. 12.2 (a) Checkerboard assays depicting synergy between drug 1 and drug 3, whereas no

synergy is observed between drug 2 and drug 1. The minimum inhibitory concentration of drug

1 which was 250 μM became 125 μM in the presence of drug 3 (62.5 μM), while no change in MIC

is observed in drug 1 and 2 combination treatment. (b) Drug susceptibility spot assay showing drug

resistance profile of AD1-8u� (control) cells and CDR1 as drug-resistant cells expressing drug

transporter Cdr1, against the indicated drugs at following concentrations. Fluconazole (FLC),

5 μg/ml; itraconazole (ITC), 2 μg/ml; ketoconazole (KTC), 0.15 μg/ml; and miconazole (MIC),

0.16 μg/ml. The CDR1 cells are resistant to indicated drugs at given concentration as compared to

AD1-8u� control cells
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(Mukhopadhyay et al. 2002; Vandeputte et al. 2012). Protocols for testing antifun-

gal susceptibility include the following general steps.

• Cultures are grown overnight either in YEPD medium (containing yeast extract,

5 g/l; peptone, 10 g/l; and glucose, 20 g/l) or on YNB media supplemented with

2 % glucose and minimum requisite quantities of auxotrophic supplements

(if any).

• The cells are then suspended in sterile phosphate-buffered saline (PBS) or 0.9 %

normal saline to an O.D600 of 0.1.

• Four microliter drops of fivefold serial dilution of each of the yeast strains is

spotted on YNB or YEPD agar plates supplemented with different requisite

concentrations of drugs

• Drug-free YNB or YEPD agar plates as a growth control are taken for each

strain.

• Growth differences in the presence or absence of drugs are recorded for each

strain after incubation of agar plates at 30 �C for 48 h.

Fig. 12.2c depicts the results of serial dilution spot assay against different drugs

involving resistant and susceptible yeast strains.

12.3 Drug Transport Assays

One of the important mechanisms of drug resistance includes enhanced drug efflux

by MDR strains (Cannon et al. 2009). Hence several methods have been developed

to study drug extrusion by yeast cells. For measuring drug transport, both the

accumulation of drug and its extrusion can be used. The choice of substrates is

the key to success of this method. The promiscuous nature of drug transport pro-

teins of both ABC and MFS superfamilies has provided choice of many substrates

that could be used, and their transport can be monitored. There are host of

compounds that drug efflux proteins can extrude, but for monitoring the transport,

substrate could either be fluorescent or radiolabeled. Table 12.1 gives the list of

some of the substrates, which can be successfully used to measure drug transport by

yeast cells.

12.3.1 Drug Efflux

One of the commonly used approaches to study drug efflux by membrane trans-

porters is the use of colored fluorescent substrates, which can easily be measured

either by monitoring fluorescence and/or absorbance. As an example, a protocol for

the measurement of absorbance of red-colored rhodamine 6G (R6G) efflux, a

fluorescent substrate of C. albicans drug transporter Cdr1p, is described which
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can be adopted to any cells or system with suitable modifications (Mukhopadhyay

et al. 2002; Shah et al. 2015).

• Approximately 1�106 cells from an overnight primary culture grown in a

shaking incubator at 30 �C is inoculated in 250 ml of YPD, and this secondary

culture is grown further for 5–6 h at 30 �C.
• These exponential phase cells after centrifugation are washed three times with

phosphate-buffered saline buffer (PBS).

• The cells are subsequently resuspended as a 2 % cell suspension in

de-energization buffer (5 mM dinitrophenol and 5 mM 2-deoxy-D-glucose)

and incubated for 45 min at 30 �C. This step ensures depletion of endogenous

energy pool, which could hamper accurate transport measurements.

• The cells are then washed, resuspended in PBS containing 2 % glucose, to which

R6G is added to a final concentration of 10 μM and incubated.

• Alternatively, cells can also be de-energized by incubating the cells in the

absence of glucose for the time period of about 2 h to deplete the cells of energy.

This can be achieved by resuspending cells as a 2 % cell suspension in PBS to

which rhodamine 6G is added to a final concentration of 10 μM. The cell

suspension is incubated for 2 h at 30 �C. The cells after washing are resuspended
in PBS with 2 % glucose.

• An aliquot of fixed volume is taken at various times and centrifuged at 9000 g for

2 min.

• The absorbance of the supernatant is routinely measured spectrophotometrically

at 527 nm (which coincides with the absorption maxima of R6G). The gradual

increase in absorbance reflects efflux amount of R6G mediated by the transporter

protein. A typical example of R6G efflux measurement as a function of time of

ABC fungal transporter is shown in Fig. 12.3a.

Table 12.1 List of compounds which can be used for measurement of drug transport and

transporter activity

Type of assay Compound Properties References

Efflux Rhodamine 6G Fluorescent Shukla et al. (2006)

Rhodamine B Fluorescent Decottignies et al. (1998)

Accumulation Nile Red Fluorescent Ivnitski-Steele et al. (2009)

Rhodamine B Fluorescent Decottignies et al. (1998)

Rhodamine 123 Fluorescent Krishnamurthy et al. (1998a)
3H-β-estradiol Radiolabeled Krishnamurthy et al. (1998b)
3H-fluconazole Radiolabeled Mukhopadhyay et al. (2002) and

Esquivel et al. (2015)
3H-Methotrexate Radiolabeled Pasrija et al. (2007)
3H-Corticosterone Radiolabeled Krishnamurthy et al. (1998b)
3H-Clotrimazole Radiolabelled Esquivel et al. (2015)
3H-Ketoconazole Radiolabelled Esquivel et al. (2015)
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12.3.2 Drug Accumulation

An enhanced drug accumulation in a given population of cells would imply that

cells are unable to efflux the drug efficiently leading to increase in intracellular

concentration of it. Hence, the measurement of accumulation of drug also provides

a good indirect measure of efflux activity. Although both efflux and accumulation

monitor the drug transport activity of membrane proteins, sometimes the two

cannot be used interchangeably. Since, it may not be always possible to monitor

the efflux substrate because they get diluted in extracellular media. This is partic-

ularly the case with radiolabeled substrates. In such cases, it is better to measure the

accumulation of the substrates, which is a good indirect measure of efflux activity

of the cell. Moreover, some of the fluorescent compounds like Nile red

(NR) fluoresce better in hydrophobic microenvironments, and thus its accumulation

Fig. 12.3 (a) Typical representation of a time course of R6G transport, measured as the intensity

(absorbance) of the substrate effluxed out in the extracellular media at different intervals of time.

(b) Time course of radiolabeled fluconazole (3H-FLU) accumulation in a yeast strain. As routine

measurements, uptake can be measured at a given time point of incubation showing maximum

accumulation. For instance, in the given figure, 45 or 60 min of incubation time can be routinely

considered as good end point for the measurement of accumulation of radiolabeled fluconazole. (c)

Nile red accumulation by test (purple, M1 quadrant) and control cells (green line, M2 quadrant) as

measured and analyzed by flow cytometry. Test sample contains an active transporter leading to

efflux of substrate and thus lowers the accumulation of NR, while control sample devoid of

transporter accumulates NR and thus shows peak shift toward M2 quadrant due to high fluores-

cence for same number of cells analyzed as that of test sample
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inside the cells can be easily measured compared to its presence in extracellular

media (Ivnitski-Steele et al. 2009; Mandal et al. 2012).

Some of the commonly used radiolabeled molecules which have been used as

substrates of well-known drug transporters of C. albicans include 3H-β-estradiol, 3H-
fluconazole, 3H-methotrexate, etc. (Krishnamurthy et al. 1998b; Mukhopadhyay et al.

2002; Shah et al. 2015). As an example, the protocols for two substrates 3H-flucon-

azole (radiolabeled substrate) and NR (fluorescent substrate), commonly employed to

study intracellular accumulation and activity ofmembrane transporters, are described:

3H-FLC Accumulation

• The mid-log phase cells (~107 cells) are washed with PBS at 3220 g for 5 min.

• The cells are then de-energized for 45 min in a de-energizing buffer (as described

above). The de-energized cells are washed and resuspended as 5 % cell suspen-

sion in YNB media.

• An aliquot of the suspension is incubated with 100 nM of 3H-FLC (specific

activity 3–5 Ci/mmol) in the presence of 2 % glucose (as an energy source).

• After particular time of incubation, a fixed aliquot is withdrawn and rapidly

filtered and washed twice with ice-cold PBS buffer using a 0.45 μm cellulose

nitrate filter disks in a manifold filtration assembly (Millipore, USA). The

filtration and washing steps should be completed very rapidly for accurate

kinetic measurements. It is recommended to prechill the wash solution before

the start of the experiment.

• The washed filter disks are air-dried, and the filter disks are immersed in liquid

scintillation cocktail (commercially available). The accumulated radioactivity in

cells can be measured in any standard liquid scintillation counter.

As an example, a typical representation of accumulation of radiolabeled flucon-

azole as a function of time is shown in Fig. 12.3b.

NR Accumulation

• An overnight grown culture either in YEPD medium (containing yeast extract,

5 g/l; peptone, 10 g/l; and glucose, 20 g/l) or on YNB media supplemented with

2 % glucose is required as starting material.

• From this overnight culture, cells equivalent to A600 of 0.1 O.D are inoculated

and grown at 30
�
C, in an incubator shaker with shaking at 200 rpm until the A600

reaches around 0.25 O.D.

• The exponential phase cells are harvested and diluted as a 5 % cell suspension.

The fluorescent NR is added at a final concentration of 7 μM. After rapid mixing,

cells are incubated at 30
�
C for another 30 min. The point to terminate the

reaction may vary with system.

• After incubation of cells at indicated time, the cells are harvested at 3220 g for

4–5 min and resuspended in PBS with 2 % glucose.

• The NR accumulation by different test and control cells is measured and

analyzed by flow cytometry employing a good flow cytometer. A typical NR

accumulation as seen in flow cytometry is shown in Fig. 12.3c.
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12.4 ATPase Assays

Among the multidrug transporters, those belonging to ABC superfamily utilize the

energy generated by ATP hydrolysis to efflux out substrates from the cells. Hence,

all the ABC proteins known as transport ATPases elicit enzyme activity coupled to

drug transport. The measure of ATPase activity thus becomes a good indicator of

transport activity of the transporter protein (Higgins 2007).

Many different protocols are being followed for ATPase activity measurement

of ABC transporters (Nakamura et al. 2001; Shukla et al. 2006). For yeast cells,

which possess cell wall (CW), any method of reliable plasma membrane-ATPase

(PM-ATPase) activity measurement should include the removal of CW followed by

separation of PM from other cellular components and provide an option to isolate

crude membrane (CM) or purified PM preparations.

12.4.1 Preparation of Sample for ATPase Activity

As discussed in the following sections, for both the measure of drug transport and

ATPase activities, the transporter protein under investigation should be

overexpressed in an established expression system, which would provide enriched

cells/membranes for the measurements. A reasonable pure PM preparation is

necessary for accurate assessment of ATPase activity of PM-localized transporters.

As a routine, however, CM devoid of intercellular organelles can also be used as a

starting material for the measurements of activity. Procedures for preparing CM and

PM membranes (Monk et al. 1991; Shukla et al. 2003) are briefly discussed below:

Crude Membrane Preparation

• The procedure described here is typically good for CM preparation from 250 ml

of overnight culture (starting from 0.3 O.D).

• Harvest the overnight cell cultures (12–14 h, approx. 5 gm wet weight from

about 250 ml culture) at 3220 g for 10–15 min.

• Suspend the pellet in 10 ml homogenization buffer (HB), (Table 12.2) after

washing 2–3 times in distilled water.

Note: The fraction at this stage can be stored at �80 �C for few days if it cannot
be processed immediately.

• Add washed and sterilized glass beads of 3–5 mm size, (typically 3–5 g of glass

beads are added to a cell pellet obtained from 250 ml of overnight culture). The

cells and glass beads are put through a “cell disruptor” in cold temperatures to

disrupt the cells. The cell disruptor can be any mechanical device capable of

carrying and breaking cells in controlled cold temperature. Some of the

disruptors, which can be employed for disrupting yeast cells generally, include
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Braun homogenizer, Fast Prep, vortexer, and pestle/mortal grinding (later two

give poor yield because of less sample carrying capacity and often maintenance

of cold temperature is compromised).

• Centrifuge the disrupted mixture at 805 g for 10 min in cold (4–6 �C) to pellet

down glass beads and unbroken cell debris.

• The supernatant devoid of cell debris and unbroken cells is pelleted by centri-

fugation at 75000 g.

• The pelleted CM is recovered after carefully decanting off the supernatant, and

the pellet is suspended in resuspension buffer (RB) (Table 12.3) containing 10 %

glycerol.

• The CM samples at this step can be stored at �80 �C for several weeks before

using it for PM preparation and can also be directly used for ATPase assays.

Purified Plasma Membrane Preparation

PM is prepared and recovered by employing density gradient centrifugation. Typ-

ically, sucrose gradient (53.5 % and 43.5 %) gives good recovery of PM fraction.

The gradient is made by carefully layering sucrose of different density (Fig. 12.4) in

prechilled ultracentrifuge tubes. The CM from 250 ml starting culture is carefully

overlaid on top of the gradient.

• The centrifuge tube with sucrose gradient and overlaid CM is subjected to

ultracentrifugation for about 4–5 h at 100000 g in a swinging bucket rotor at

4 �C.
• The centrifuge tubes are carefully removed from the centrifuge.

• One could clearly see the middle interfacial ring-shaped PM fraction, which can

be sucked out carefully and transferred to another tube.

• The withdrawn PM fraction is suspended in RB (5–6 ml) and is solubilized in it

by gentle repeated pipetting.

• The solubilized PM fraction is subjected to another round of centrifugation in an

ultracentrifuge at 110000 g for 30–50 min at 4 �C.
• The pelleted PM fraction is suspended in appropriate volume (100–500 μl) of

RB depending on the required protein concentration for further uses.

• It is recommended to aliquot the PM fraction in small fractions and store at�80 �C
for further use. The distribution of PM fraction into smaller portions will minimize

repeated cycles of freezing and thawing of PM, which may denature the proteins.

Table 12.2 Homogenization

buffer (HB)
Buffer component Final concentration

Tris-Cl (pH 7.5) 10 mM

PMSF 100 μg/ml

EDTA 0.5 mM

TPCK 100 μg/ml

TLCK 50 μg/ml

Aprotinin 1–2 μg/ml

Leupeptin 1–2 μg/ml

Pepstatin 1 μg/ml
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12.4.2 ATPase Activity Measurements

One of the commonly followed colorimetric ATPase assay protocols for membrane

transporters of fungal ABC proteins is discussed below (Nakamura et al. 2001;

Shukla et al. 2006):

• In a typical 100 μL reaction mixture containing 10 μg PM protein (the protein

amount may vary depending upon the transporter protein under study and its

enrichment) in an ATPase buffer (60 mM Tris, pH 7.5 and 80 mM MgCl2),

5 mMATP is added, and mixture is rapidly transferred from ice to a preset 30 �C

Table 12.3 Resuspension

buffer (RB)
Buffer component Final concentration

Tris-Cl (pH 7.5) 10 mM

Glycerol 10 %

NaCl 150 mM

PMSF 100 μg/ml

TPCK 100 μg/ml

TLCK 50 μg/ml

Aprotinin 1–2 μg/ml

Leupeptin 1–2 μg/ml

Pepstatin 1 μg/ml

Fig. 12.4 Sucrose density gradient setup to isolate PM fraction. Before ultracentrifugation,

discontinuous density gradient is set up by using two sucrose concentrations as shown, 53.5 %

and 43.5 % sucrose overlaid with CM fraction. PM fraction, after the centrifugation, can be seen at

the interface of the two gradients. The rest of the CM components either settle down as the pellet or

scatter across at different density positions
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water bath. This temperature jump will initiate the enzymatic reaction, which

can be followed over a period of time. For initial experiments, a time course of

ATP hydrolysis is prepared to obtain a linear relationship between time of

incubation and ATP hydrolysis. The protocol described below is terminated at

30 min of incubation.

• The reaction mixture is incubated at 30 �C for 30 min in water bath.

• The reaction is arrested by the addition of 1 ml of stop solution (0.5 % SDS, 2 %

H2SO4, 0.5 % ammonium molybdate), followed by the addition of 10 μl of
freshly prepared 10 % ascorbic acid as coloring reagent.

• The method exploits to measure the release of inorganic phosphate (Pi) as an

index of ATPase activity.

• The intensity of blue color indicates the amount of Pi released which could be

measured at 750 nm (or a red filter) using a spectrophotometer.

Additional precautions:

1. To eliminate the contribution of nonspecific ATPases like vacuolar and mito-

chondrial ATPases, the reaction mixture could be supplemented with their

specific inhibitors such as 0.2 mM ammonium molybdate, 50 mM KNO3, and

10 mM NaN3.

2. ATPase activity of many ABC transporters is specifically sensitive to inhibitors

like oligomycin and orthovanadate or to aurovertin B; any of the inhibitors can

be added up in the reaction mixture depending on protein under study to get the

ATPase activity specific to the protein of interest.

12.5 Overexpression of Transporter Proteins

To study functional aspects of drug transporter proteins that may include assays

such as drug susceptibility, drug transport, ATPase and screening of potential

inhibitors, etc., it is preferred to have an overexpressed version of protein of

interest. Additionally, overexpression systems are also required to obtain purified

proteins in biochemical quantities to investigate structure (crystallization) and

function of transporters in great details. Given the hydrophobic nature and huge

size of majority of transporter proteins, it is often challenging to express and purify

it in an active form, which remains a major roadblock. However, there are ample

examples of successful methods developed over the years, which can yield purified

protein in sufficient quantities for biochemical and structural characterization.

Following section describes few overexpression systems, which have been success-

fully developed and used for the functional studies of multidrug transporter proteins

from yeast cells.
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12.5.1 Heterologous Overexpression System

Heterologous overexpression of MDR pump proteins of a pathogenic yeast

C. albicans in Saccharomyces cerevisiae has been widely used as a novel tool for

the structure-function analyses of these transporters. Such studies unpinned crucial

molecular details of drug efflux, protein trafficking, and transport cycle. For

instance, one study reported overexpression of ~20 membrane proteins from vari-

ous prokaryotic and eukaryotic hosts and highlighted advantages and drawbacks of

each system (Bernaudat et al. 2011). In another study, 25 human ABC transporters

were expressed in yeast Pichia pastoris in which 11 transporters demonstrated high

expression levels (Chloupkova et al. 2007). For the overexpression of major

multidrug transporters of fungal origin, Nakamura et al. (Nakamura et al. 2001)

and Decottignies et al. (Decottignies et al. 1998) have developed a heterologous

expression system for ABC and MFS transporter proteins (Fig. 12.5). The system

uses S. cerevisiae AD1-8u�, which is deleted in seven major ABC transporters

(Pdr5p, Pdr10p, Pdr11p, Pdr15p, Snq2p, Yor1p, and Ycf1p), as an overexpression

host. Owing to the deletion of major drug transporters, AD1-8u� is highly suscep-

tible to drugs due to their impaired efflux. The AD1-8u� host also harbors a gain of

function mutation pdr1–3, which regulates the expression of many ABC trans-

porters like PDR5, SNQ2, YOR1, PDR10, and PDR15 (Decottignies et al. 1998).

The gain of function of Pdr1 protein drives high expression of ABC transporters by

keeping their promoters in activated form. Nakamura et al. (Nakamura et al. 2001)

have constructed a vector pSK-PDR5PPUS where hyperactive PDR5 promoter

(because of gain of function mutation of Pdr1) drives high expression of cloned

transporter ORF. Recombinant vector having desired transporter is integrated into

host AD1-8u� at PDR5 locus via homologous recombination leading to single-copy

integration with stable expression of the transporter gene of interest. A new

derivative vector of pSK-PDR5PPUS named pABC3, which promotes

hyperexpression of chosen transporter, is also available [reviewed in Niimi et al.

(2005)]. This vector also carries the property of PDR5 promoter-driven expression

of protein and has 8 bp cutting rare restriction enzyme sites for Pac I and Not I at
multiple cloning sites, which makes it unique to clone any desired gene.

Transformation cassette having PDR5 promoter, cloned gene of interest, PGK1
terminator, URA3 marker, and 30 end of PDR5 ORF can be obtained by digestion at

Asc I enzymatic site. This cassette can be used to integrate gene of interest at genomic

DNA of AD1-8u� at PDR5 locus for stable hyperexpression. Cannon’s group using

the same overexpression system characterized three classes of fungal membrane

proteins, ABC transporters Pdr5p, CaCdr1p, CaCdr2p, CgCdr1p, CgPdh1p,

CkAbc1p, and CneMdr1p, MFS transporter CaMdr1p, and the cytochrome P450

enzyme CaErg11p (Lamping et al. 2007). This heterologous expression system has

been successfully used in characterization of various multidrug transporters mainly in

the context of substrate specificity, molecular mapping of drug binding sites, NTPase

activity, posttranslational modification, screening of pump blockers, and functional

vs. structural analysis [reviewed inNiimi et al. (2005) andRawal et al. (2013)]. In spite

of heterologous expression system giving insightful contributions, artifactual
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concerns associated with a heterologous background could not be ignored and should

be kept in consideration. Therefore, to circumvent artifactual effects of a heterologous

system, there is always need for the development of an in vivo expression system for

the overexpression of multidrug transporter proteins.
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Fig. 12.5 Picture demonstrating strategy for the heterologous expression of multidrug ABC

transporter Cdr1p of C. albicans. Amplification of CDR1 is done using forward and reverse

primers containing Spe I site from the genomic DNA of C. albicans. Amplicon is ligated at Spe
I site of the vector pSK-PDR5PPUS
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Protocol for Integration of Cdr1 in AD1-8u� Expression Host

The following solutions are required: All the solutions should be filter sterilized.

Lithium acetate mix (LAM): 10 ml of 10� TE þ 10 ml of 1M lithium ace-

tate þ 80 ml water

PEG mix: 8 ml of 50 % PEG-3350 þ 1 ml of 10� TEþ 1 ml of 1M lithium

acetate

10� TE: 10 ml of 1M Tris (pH: 7.5) þ 2 ml of 0.5 M EDTA þ 88 ml of water

1. Inoculate 5 ml YPD media with fresh colony of AD1-8u� cells, and allow it to

grow at 30
�
C overnight under rotation.

2. Inoculate 50 ml of YPD media with 500 μl of overnight grown culture, and let

the OD600 reach to ~0.6–0.8.

3. Harvest the growing cells and wash with 10 ml of filter-sterilized LAM.

4. Suspend cells in 0.5 ml of LAM and leave it for 1 h at room temperature on

rotation.

5. Take 200 μl of cells, and add ~5 μg (in 10 μl) of linearized pSK-PDR5PPUS-

CDR1 (tagged /untagged) plasmid with XbaI (gel purified) and 10 μl (10 mg/ml)

of sheared salmon sperm DNA (heated at 90 �C for 10 min followed by

vortexing and then plunge into ice).

6. Incubate at room temperature for 30 min under rotation.

7. Add 1 ml of PEG mix and then leave it at room temperature for about 45 min

followed by 10 min at 42 �C.
8. Spin down the cells, and resuspend in 200 μl of TE buffer and plate 100 μl on

uracil-negative plate. Keep the plate in incubator at 30 �C.White colonies should

appear after 2–3 days of incubation.

9. Pick few well-grown colonies, and check the expression of Cdr1p using crude

(CM) or plasma membrane (PM). Single-copy integration should be confirmed

by Southern blotting/PCR.

12.6 Tagging of MDR Proteins

12.6.1 Fluorescent Tagging

Expression of tagged protein has been very useful tool to address various important

questions about general understanding of the functioning of drug transporters.

Fluorescent tags like green fluorescent protein (GFP ), red fluorescent protein

(RFP), cyan fluorescent protein (CFP), and yellow fluorescent protein (YFP) have

been successfully exploited to understand the dynamics, trafficking, folding, and

functioning of various ABC transporters. However, since these tags may interfere

with proper folding, trafficking, and localization and may impact its function,

negative effects of tagging should always be kept in mind. Prasad and his group
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successfully expressed functionally active, C terminally tagged GFP-fused version

of Cdr1p (Cdr1p-GFP) (Fig. 12.6) and Mdr1p (Mdr1p-GFP) (Shukla et al. 2003;

Pasrija et al. 2007) using pSK-PDR5PPUS vector or GFP-fused version of Candida
QDR transporters in pABC3-GFP vector (Shah et al. 2014) and integrated them in

S. cerevisiae AD1-8u� for detailed characterization. Taken together, fluorescent

tagging serves a powerful tool to capture key events inside live cells in real time

deciphering mechanistic secrecies of functioning and dynamics of MDR proteins.

12.6.2 FLAG/His Tagging

Many instances, smaller non-fluorescent tags such as FLAG (DYKDDDDK) and

poly-histidines are preferred due to possible obstruction by bigger fluorescent tags

in enzyme kinetics and assays with purified recombinant protein. Among fungal

ABC transporters, Pormorski and group (Marek et al. 2011) successfully purified

yeast ABC transporter Aus1, which is required for sterol uptake using FLAG tag

and assessed the effect of various lipids on its activity with purified reconstituted

protein. Shukla et al. have purified recombinant Cdr1p as His-Cdr1p by employing

heterologous overexpression system developed by Nakamura et al. (Shukla et al.

2006). Purified protein could be successfully used for the structural and functional

analysis by exploiting intrinsic fluorescence of the protein. Cannon’s group suc-

cessfully overexpressed ABC transporters Pdr5p, CaCdr1p, CaCdr2p, CgCdr1p,

CgPdh1p, CkAbc1p, and CneMdr1p, MFS transporter CaMdr1p, and the cyto-

chrome P450 enzyme CaErg11p as EGFP, RFP, FLAG, hexahistidine, and

tetracystein-tagged proteins in heterologous system, developed by his group

(Lamping et al. 2007) for functional characterization and screening of compounds

with potential antifungal activities.

Fig. 12.6 Confocal image (left panel) showing expression and localization of GFP-tagged Cdr1p

onto the plasma membrane. Expression of GFP-tagged Cdr1p was achieved using expression

system developed by Nakamura et al. (2001). The right panel depicts phase contrast image of the

left panel
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12.6.3 Functional Reconstitution of Purified Cdr1p

There are very limited studies depicting purification of fungal drug transporters

with functional reconstitution. Yeast ABC mitochondrial transporter Atm1p has

been characterized using proteoliposomes (Kuhnke et al. 2006). Another yeast

ABC transporter Aus1 has also been reconstituted into liposomes for functional

characterization (Marek et al. 2011). The following is a general protocol for

reconstitution of purified Cdr1p. This protocol will serve as a template for the

reconstitution of other fungal drug transporters.

Strategy to Purify and Reconstitute ABC Transporter Cdr1p

1. Grow S. cerevisiae AD1-8u� cells expressing Cdr1p-(His)6 fusion protein till

late exponential phase (~5 � 107 cells/ml). Disrupt the cells in 50 ml falcon

tubes and suspend in homogenization buffer (50 mM Tris pH 7.5, 2 mMMgCl2)

and protease inhibitors (add PMSF, TPCK, TLCK, aprotinin, leupeptin, and

pepstatin at concentrations mentioned in Section 12.4.1) at 4 �C using glass

beads with intermittent vigorous vortexing. Remove unbroken cells and debris

by centrifugation at 1000 g at 4 �C for 10 min. Prepare CM by ultracentrifuga-

tion at 1,00,000 g for 1 h at 4 �C.
2. Suspend pelleted CM in resuspension buffer (20 mM Tris pH 7.5, 2 mMMgCl2,

150 mM NaCl, 20 % glycerol, 20 mM imidazole) followed by solubilization

with 1 % (w/v) Triton X-100 for about 30 min at 4 �C.
3. Spin sample at 18,000 g at 4 �C for about 45 min. Collect supernatant avoiding

surface lipid layer. Allow supernatant to bind with Ni-NTA agarose resin (Qiagen)

(pre-equilibratedwith 20mMTris and0.05%TritonX-100) for 2 h in rotation at 4 �C.
4. Wash resin with buffer containing 20 mM Tris (pH 7.5), 150 mM NaCl, 2 mM

MgCl2, 0.1% (w/v) Triton X-100, 30 mM imidazole, and protease inhibitors

(as described above) followed by elution with buffer containing 50 mM Tris

(pH 7.5), 150 mM NaCl, 2 mM MgCl2, 0.05 % (w/v) Triton X-100, 500 mM

imidazole, and 10 % glycerol.

5. Dialyze the sample for 12 h at 4 �C against the buffer having 50 mM Tris

(pH 7.5), 30 mM NaCl, 2 mM MgCl2, and 0.05 % (w/v) Triton X-100.

6. To achieve higher purity, eluted sample can be subjected to one round of anion-

exchange chromatography using Q sepharose resin pre-equilibrated with 50 mM

Tris (pH 7.5) and 0.01 % (w/v) Triton X-100, and allow it to bind for 1 h at 4 �C.
Wash resin with buffer having 50 mMTris (pH 7.5), 2 mMMgCl2, 50 mMNaCl,

and 0.1 % (w/v) Triton X-100, and elute protein with buffer containing Tris

20 mM (pH 7.5), 2 mM MgCl2, 200 mM NaCl, and 0.1 % (w/v) Triton X-100.

7. Purity of the protein can be assessed by densitometric analysis using Image J

software of silver-stained sodium dodecyl sulfate-polyacrylamide gel electro-

phoresis (SDS-PAGE) run gel. Activity of purified Cdr1p can be estimated using

same protocol as mentioned in Section 12.4.2. Cdr1p-specific activity in purified

sample should be assessed in the presence of 50 μMoligomycin, which generally

shows 80–90 % decrease in the ATPase activity.
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Functional Reconstitution of Purified Cdr1p

Cdr1p is able to translocate phosphoglycerides from inner monolayer to outer

monolayer of membrane lipid bilayer (termed as floppase activity) (Shukla et al.

2007). The floppase activity of Cdr1p can be measured experimentally in function-

ally reconstituted system (Fig. 12.7). Below is a typical protocol to measure

floppase activity of Cdr1p.

1. Take ~4 μM of egg phosphatidylcholine solution (in chloroform 100 mg/ml) in

glass tube, and dry it under stream of N2. Dissolve dried sample in 500 μl of
reconstitution buffer containing 20 mM Tris (pH 7.5), 2 mM MgCl2, and 2 %

(w/v) Triton X-100 till solution becomes clear.

2. Add 500 μl of purified protein (20–50 μg) followed by the addition of 100 mg of

freshly prepared SM2 Bio-Beads (washed with methanol then by 20 mM Tris pH

7.5, 2 mM MgCl2 and 100 mM NaCl), and keep under rotation on Roto-Torque

(Cole-Parmer Instrument Company, LLC.) for 3 h at room temperature. Leave it

in rotation for ~20 h at 4 �C. Increasing turbidity of the solution represents

formation of proteoliposomes.

3. This method of reconstitution generally gives Cdr1p to incorporate in inside-out

(IO) orientation (ATP-binding site facing out). As depicted in Fig. 12.7a, in IO

orientation of Cdr1 reconstitution, one would measure reverse phosphoglyceride

translocase activity (outer monolayer to inner monolayer of lipid bilayer).

4. Dissolve fluorescently labeled lipids NBD-PC (1-acyl-2-[1-[(7-nitro-2,1,3-

benzoxadiazol-4-yl)-amino]dodecanoyl]-sn-glycero-3-phosphocholine)
(Fig. 12.7a) or NBD-PS (1-palmitoyl-2-[6-[(7-nitro-2,1,3-benzoxadiazol-4-yl)

amino]-caproyl]-sn-glycero-3-phosphoserine) in transport buffer [10 mM Tris-

Cl, 200 mM sucrose and 5 mM MgCl2 (pH 7.5)] at 1 mg/ml concentration.

5. Take 100 μl of proteoliposomes and make up to 2 ml with transport buffer. Add

labeled lipid to final concentration of 1.5 μM.

6. Incubate sample for 10 min at room temperature to allow labeled lipid to

incorporate onto outer leaflet (Fig. 12.7b).

7. To initiate lipid transport, add 50 μl of ATP and ATP regenerating system. Allow

the reaction to happen at 30 �C in dark for about 30–90 min. Upon completion of

reaction, add 5 mM dithionite to quench fluorescence of NBD lipids on outer

leaflets.

8. Monitor total fluorescence (excitation 470 nm and emission 540 nm) of the

sample, which would reflect sum of movement of labeled lipids from outer

membrane to inner membrane mediated by reconstituted protein. Figure 12.7c

depicts a typical reconstitution experiment and its readout.
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Fig. 12.7 (a) Diagram showing Cdr1p incorporated into liposomes in inside-out orientation and

mediating translocation of labeled lipid NBD-PC (green color) from outer leaflet to inner leaflet

upon hydrolysis of ATP. Lower panel shows structure of NBD-PC used for labeling and analyzing

Cdr1p-mediated translocase activity. (b) Labeling of proteoliposomes: Proteoliposomes are incu-

bated with labeled lipid NBD-PC in transport buffer for indicated time durations to allow its

incorporation on to outer leaflet of lipid bilayer. Incorporation of NBD-PC on to outer leaflet is

assessed by significant increase in fluorescence intensity (excitation 470 nm and emission 540 nm)

within 3–5 min. Addition of 5 mM dithionite results in >98 % drop in the fluorescence within

5 min, which demonstrates proper labeling of liposomes with NBD-PC. (c) Proteoliposomes

reconstituted with 20 μg of purified Cdr1p demonstrate ~10 % (green) protection at 60 min after

the initiation of translocase reaction, from dithionite-mediated quenching of fluorescence of

NBD-PC due to movement from outer layer to inner layer. Only liposomes (blue) and

proteoliposomes without source of energy (�ATP) (red) are considered as negative controls
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12.7 Concluding Remarks

The contribution, which is not exhaustive, has summarized most common methods

used to study drug susceptibility in yeast cells. Many instances, a specific example

of a protocol specific to cell type protein is discussed to highlight detailed steps

involved therein. The information provided is expected to help researchers dealing

with drug resistance and drug transporters in yeast cells, but these can be adopted to

other microbial system particularly belonging to fungi as well with suitable

modifications.
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Chapter 13

Approaches for Determining Antimicrobial

Drug-Resistant Bacteria: The Way Ahead

Pankaj Goyal, Nim J. Singh, Rupesh Kumar Basniwal, Manoj Kumar,

Vivek Kumar, Narendra Tuteja, and Ajit Varma

Abstract Since the beginning, medical practitioners and veterinarians have

employed a vast variety of antimicrobials to treat microbial infectious diseases

that were based primarily on past clinical experiences. However, the emergence of

resistance among microbial species against traditionally used antimicrobials has

made it more difficult for clinicians to empirically select an appropriate antimicro-

bial agent. As a result, global concern has been deviated toward finding the efficacy

of available antimicrobials. Therefore, it is recommended to validate already

existing in vitro antimicrobial susceptibility testing (AST) methods. Although a

variety of methods exist, the goal of AST is to provide a reliable predictor of how an

organism is likely to respond to antimicrobial therapy in the infected host. The

selection of a particular AST method is based on many factors such as validation

data, practicality, flexibility, automation, cost, reproducibility, accuracy, and indi-

vidual preference. In the modern methodologies, use of genotypic approaches for

detection of antimicrobial resistance genes has also been promoted as a way to

increase the speed and accuracy of susceptibility testing. Many DNA-based assays

are being developed to detect bacterial antibiotic resistance at the genetic level.

These methods, when used in conjunction with phenotypic analysis, offer the

promise of increased sensitivity, specificity, and speed in the detection of specific

known resistance genes and can be used in tandem with traditional laboratory AST

methods. The invention of new molecular technologies in genomics and proteomics

is shifting traditional techniques for bacterial classification, identification, and

characterization in the twenty-first century toward methods based on the elucidation

of specific gene sequences or molecular components of a cell. The new methods can
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be rapid, offer high throughput, and produce unprecedented levels of discrimination

among strains of bacteria and archaea.

13.1 Introduction

The traditional as well as modern way for detecting and identifying bacteria from

food, clinical, environment, or other samples is primarily based on culturing,

enumeration, and isolation of pure colonies and further identification analysis

using compact instrumentation and analytical techniques. However, tremendous

increase in resistance among microbial pathogens is of utmost concern globally and

is significantly recognized by the World Organisation for Animal Health (OIE), the

Food and Agriculture Organization (FAO), and the World Health Organization

(WHO) as a serious human and animal health problem throughout the world.

The phenomenon of development of bacterial antimicrobial resistance is neither

an unexpected nor a new phenomenon. It is an increasingly troublesome situation

because of the fact that new emerging resistance phenotypes are occurring among

many bacterial pathogens and even commensal organisms worldwide. There are

several approaches by which many infections could be treated successfully

according to the past clinical experience (i.e., empirical therapy) (Walker 2007);

however, resistance has been observed to different antimicrobial agents tapproved

for use in human and veterinary clinical medicine. The combination of the variety

of antimicrobial agents currently available makes the selection of an appropriate

agent an increasingly more challenging task. This situation has made clinicians

more dependent on data from in vitro antimicrobial susceptibility testing (ATS) and

highlights the importance of the diagnostic laboratory in clinical practice. It is

essential that AST methods provide reproducible results in day-to-day laboratory

use and that the data be comparable with those results obtained by an acknowledged

“gold standard” reference method. In the absence of standardized methods or

reference procedures, susceptibility results from different laboratories cannot be

reliably compared. The methods used to select samples for inclusion in antimicro-

bial resistance surveillance programs, as well as the methods used for primary

bacterial isolation, are also important factors that should be standardized or harmo-

nized to allow direct comparison of data between different regions; consideration of

these issues is addressed in an OIE document (Dehaumont 2004). Furthermore, a

greater understanding of the multiple factors that could affect the overall outcome

of susceptibility testing has become clearer. National Committee for Clinical

Laboratory Standards (NCCLS) provides various guidelines referring to the stan-

dardization and interpretive aspects for AST methodologies with the recent

advances of modern molecular techniques such as genomics and proteomics.

It has also been notified that antimicrobial susceptibility along with the use of

modern approaches such as genomic and proteomics has offered attractive
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alternatives to conventional and advanced microbiological procedures for charac-

terizing and identifying microorganisms. The discrimination and identification of

bacteria within mixed natural populations is also a rapidly developing field that

utilizes some of the same techniques. These new modern methods can provide a

rapid, multidimensional data output with taxonomically relevant molecular infor-

mation on both individual strains and whole populations (Liu and Stahl 2007;

Logue et al. 2008).

Methods of bacterial identification can be broadly delimited into genotypic

techniques based on profiling of an organism’s genetic material (primarily its

DNA) and phenotypic techniques based on profiling either an organism’s metabolic

attributes or some aspect of its chemical composition. Genotypic techniques have

the advantage over phenotypic methods that:

• They are independent of the physiological state of an organism

• They are not influenced by the composition of the growth medium or by the

organism’s phase of growth

Phenotypic techniques instead of phenetic once can yield more direct functional

information revealing the fate of metabolic activities taking place to aid the

survival, growth, and development of the organism. These may further be embod-

ied, in a microbe’s adaptive ability to grow on a certain substrate, or in the degree to

which it is resistant to a legion of antibiotics. Based upon the complementation

between genotypic and phenotypic approaches, this chapter provides the following

modern approaches for determining antimicrobial drug-resistant bacteria.

13.2 Antimicrobial Susceptibility Tests

Antimicrobial susceptibility testing (AST) are among the most prevalent methods

to determine bacterial susceptibility to various antimicrobials available. Among

several approaches, selection of a particular method is based on some of the

responsible factors such as:

• Practicality

• Flexibility

• Automation

• Cost

• Reproducibility

• Accuracy

• Individual preference

Based upon these parameters, following three methods have been shown to

consistently provide reproducible and repeatable results when followed correctly

(Clinical and Laboratory Standards Institute (CLSI) 2008; Walker 2007):
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(i) Disk diffusion including agar well diffusion assay,

(ii) Broth dilution including micro- and macro-broth dilution,

(iii) Agar dilution.

13.3 Disk Diffusion Method

This method refers to the diffusion of antimicrobial agent/antibiotics of a specified

concentration from disks, tablets, or strips and even through wells into the solid

culture medium that has been seeded with the selected inoculum isolated in a pure

culture. Disk diffusion is based on the determination of an inhibition zone propor-

tional to the bacterial susceptibility to the antimicrobial present in the disk, strip,

and well. The diffusion of the antimicrobial agent into the seeded culture media

results in the formation of a concentration gradient of the antimicrobial through the

agar gel. When the concentration of the antimicrobial becomes so diluted that it can

no longer inhibit the growth of the test bacterium, the zone of inhibition is

demarcated. The diameter of this zone of inhibition around the antimicrobial disk

is related to minimum inhibitory concentration (MIC) for that particular bacterium/

antimicrobial combination.

The zone of inhibition correlates inversely with the MIC of the test bacterium.

Generally, the larger the zone of inhibition, the lower the concentration of antimi-

crobial required to inhibit the growth of the organisms. However, this depends on

the concentration of antibiotic in the disk and its diffusibility. It is also to be noted

that disk diffusion tests based solely on the presence or absence of a zone of

inhibition without regard to the size of the zone of inhibition are not acceptable

AST methodology.

13.4 Considerations for the Use of The Disk Diffusion

Methodology

Disk diffusion method for determining antimicrobial susceptibility is very straight-

forward to perform, is reproducible, and does not require expensive equipment.

The major advantages of diffusion methods are:

(a) Low cost of method

(b) Ease in modifying test antimicrobial agents when required

(c) This can be used as a screening test against large numbers of isolates

(d) This can identify a subset of isolates for further testing by other methods, such

as determination of MICs

Manual measurement of zones of inhibition may be time-consuming and error

prone; therefore, recently developed automated zone-reading devices are available

that can be integrated with laboratory reporting and data-handling systems. Disks

should also be distributed evenly so that the zones of inhibition around
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antimicrobial disks in the disk diffusion test do not overlap to such a degree that the

zone of inhibition cannot be determined. Generally, this can be accomplished if the

disks are no closer than 24 mm from center to center, though this is dependent on

disk concentration and the ability of the antimicrobial to diffuse in agar.

13.5 Broth and Agar Dilution Methods

The major aim of these dilution methods is to determine the lowest concentration of

the assayed antimicrobial that inhibits the visible growth of the bacterium being

tested, i.e., minimum inhibitory concentration (MIC, usually expressed in μg/ml or

mg/liter). However, the MIC does not always represent an absolute value. The

“true” MIC is a point between the lowest test concentration that inhibits the growth

of the bacterium and the next lower test concentration. Therefore, MIC determina-

tions performed using a dilution series may be considered to have an inherent

variation of one dilution.

Antimicrobial ranges should encompass both the interpretive criteria (suscepti-

ble, intermediate, and resistant) for a specific bacterium/antibiotic combination and

appropriate quality control reference organisms. Dilution methods, practically,

appear to be more reproducible and quantitative than agar disk diffusion. However,

antibiotics are usually tested in doubling dilutions, which can produce inexact MIC

data. Any laboratory that intends to use a dilution method and set up its own

reagents and antibiotic dilutions should have the ability to obtain, prepare, and

maintain appropriate stock solutions of reagent-grade antimicrobials and to gener-

ate working dilutions on a regular basis. It is then essential that such laboratories

should use quality control organisms to assure accuracy and standardization of their

procedures.

13.6 Broth Dilution

Broth dilution is a technique in which the concentration of a given bacterium (Test

Bacteria) is predetermined by densitometer and optimal or appropriate concentra-

tion of respective bacterium is tested against varying concentrations of an antimi-

crobial agent (usually serial twofold dilutions) in a liquid medium of

predetermined, documented formulation. The broth dilution method can be

performed either in tubes containing a minimum volume of 2 ml (macrodilution)

or in smaller volumes using microtitration plates (microdilution) or 96-well plate

method. Numerous microtiter plates containing lyophilized prediluted antibiotics

within the wells are also commercially available. The use of identical lots in

microdilution plates may assist in the minimization of variation that may arise

due to the preparation and dilution of the antimicrobials from different laboratories.

However, use of these plates, with a documented test protocol, including
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specification of appropriate reference organisms, will facilitate the comparability of

results among laboratories.

Due to the fact that most broth microdilution antimicrobial test panels are

prepared commercially, this method is less flexible than agar dilution or disk

diffusion in adjusting to the changing needs of the surveillance/monitoring pro-

gram. Because the purchase of antimicrobial plates and associated equipment may

be costly, this methodology may not be feasible for some laboratories as well.

13.7 Agar Dilution

Agar dilution methods involves the incorporation of varying concentrations of

antimicrobial agent into an agar medium (such as Muller Hilton Agar, Nutrient

Agar, Blood Agar, etc.) usually using serial twofold dilutions, followed by the

application of a defined bacterial inoculum to the agar surface of the plate. These

results are often considered as the most reliable for the determination of an MIC for

the test bacterium/antimicrobial combination. Agar dilution is often recommended

as a standardized AST method for fastidious organisms (CLSI 2006), such as

anaerobes and Helicobacter species.
The advantages of agar dilution methods include:

(a) The ability to test multiple bacteria, except bacteria that swarm, on the same set

of agar plates at the same time

(b) The potential to improve the identification of MIC end points and extend the

antibiotic concentration range

(c) The possibility to semi-automate the method using an inoculum-replicating

apparatus. Commercially produced inoculum replicators are available and these

can transfer between 32 and 60 different bacterial inoculum to each agar plate

However, agar dilution methods also have certain disadvantages which are as

follows:

(a) Although automated method also available, but if not automated, they are very

laborious and require substantial economic and technical resources,

(b) After preparation of agar plates, they normally should be used within a week

(or less, depending on the antimicrobials tested),

(c) End points are neither easy to read nor is the purity of the inoculum easy to

verify.
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13.8 Other Bacterial AST and Specific Antimicrobial

Resistance Tests

Commercially available gradient strips can also be used to determine bacterial

antimicrobial MICs by using the diffusion phenomenon of a predetermined antibi-

otic concentration. However, the use of gradient strips can be very expensive and

MIC discrepancies can be found when testing certain bacteria/antimicrobial com-

binations compared with agar dilution results (Ge et al. 2002; Rathe et al. 2009).

Regardless of the AST method used, the procedures should be documented in detail

to ensure accurate and reproducible results, and appropriate reference organisms

should always be tested every time AST is performed in order to ensure accuracy

and validity of the data.

Growth characteristics of the test bacterium significantly affect the choice of an

appropriate AST system. In special circumstances, novel test methods and assays

may be more appropriate for detection of particular resistance phenotypes. For

example, chromogenic cephalosporin-based tests (e.g., nitrocefin) may provide

more reliable and rapid results for beta-lactamase determination in certain bacteria

(CLSI 2008), whereas inducible clindamycin resistance in Staphylococcus spp. may

be detected using a disk diffusion method employing standard erythromycin and

clindamycin disks in adjacent positions and measuring the resultant zones of

inhibition (e.g., D-zone or D-test) (Zelazny et al. 2005).

Similarly, extended-spectrum beta-lactamase (ESBL) activity in certain bacteria

can also be detected by using standard disk diffusion susceptibility test methods

incorporating specific cephalosporins (cefotaxime and ceftazidime) in combination

with a beta-lactamase inhibitor (clavulanic acid) and measuring the resulting zones

of inhibition (CLSI 2008). Also penicillin-binding protein 2a (PBP 2a) can be

detected in methicillin-resistant staphylococci with a latex agglutination test

(Stepanovic et al. 2006). It is essential that testing of known positive and negative

control strains occurs alongside clinical isolates to ensure accurate results.

13.9 Future Directions in Antimicrobial Susceptibility/

Resistance Detection

Modern science uses the genotypic approaches for detection of antimicrobial

resistance genes in order to increase the rapidity and accuracy of susceptibility

testing (Cai et al. 2003; Chen et al. 2005). Numerous DNA-based assays are being

developed to detect bacterial antibiotic resistance at the genetic level. The newest

and perhaps most state-of-the-art approach is to predict antimicrobial resistance

phenotypes via identification and characterization of the known genes that encode

specific resistance mechanisms.

Methods that employ the use of comparative genomics, genetic probes,

microarrays, nucleic acid amplification techniques (e.g., polymerase chain
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reaction), and DNA sequencing offer the promise of increased sensitivity, specific-

ity, and speed in the detection of specific known resistance genes (Cai et al. 2003;

Chen et al. 2005; Perreten et al. 2005). Genotypic methods have been successfully

applied to supplement traditional AST phenotypic methods for other organisms

including methicillin-resistant staphylococci, vancomycin-resistant enterococci,

and detection of fluoroquinolone resistance mutations (Cai et al. 2003; Chen et al.

2005; Perreten et al. 2005).

13.9.1 Genotypic Methods

There are two broad categories of genotypic microbial identification methods:

(a) Genotypic methods based on pattern or fingerprint techniques

(b) Methods of sequence-based techniques

Pattern-based or fingerprinting techniques typically employ a systematic method

to produce a series of fragments from a target organism’s chromosomal DNA.

These fragments are then separated by size to generate a profile, or fingerprint,

which is unique to that organism and its very close relatives. Using this DNA profile

information, researchers can create a library, or database, of fingerprints from

known organisms, to which test organisms can be compared. When the profiles of

two organisms match, they can be considered very closely related, usually at the

strain or species level.

Sequence-based techniques are based on determining the sequence of a specific

part of DNA strand, which is usually, but not always, associated with a specific

gene. In general, the approach is the same as for genotyping: a database of specific

target DNA sequences is generated, and then a test sequence is compared with

it. The degree of similarity, or match, between the two sequences is a measurement

of how closely related the two organisms are to one another. A number of computer

algorithms have been created by researchers that can compare multiple sequences

to one another and build a phylogenetic tree based on the results (Ludwig and Klenk

2001).

Both fingerprinting techniques and sequence-based methods have strengths but

weaknesses too. The sequence-based methods, for example, analysis of the 16S

rRNA gene, have proved more effective in providing broader phylogenetic relation-

ships among bacteria at the genus, family, order, and phylum levels, while

fingerprinting-based methods are good at distinguishing strain- or species-level

relationships but are less reliable for providing relatedness above the species or

genus level (Vandamme et al. 1996). Specific genotyping methodologies for the

identification of bacteria may utilize a variety of different fingerprinting- or

sequence-based methods, either alone or, more often, in combination. These tech-

niques provide both greater accuracy for identification and higher sample through-

put. Examples of some of the most widely used techniques are the following.
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13.9.2 Fingerprinting-Based Methodologies

These techniques are the most frequently used genotypic methods for the identifi-

cation and characterization of new strain of bacteria (Versalovic et al. 1994;

Cocconcelli et al. 1995; Vos et al. 1995; Lin et al. 1996). The most widely used

methods are as below:

(a) Repetitive element PCR (rep-PCR)

(b) Amplified fragment length polymorphism (AFLP)

(c) Random amplification of polymorphic DNA (RAPD)

13.9.3 Sequence-Based Methodologies

Sequence-based methods provide important information for bacterial identification.

13.9.4 Multi-locus Sequence Based Methods

Multi-locus sequencing is one of the newest and most powerful methods which is

developed to identify microbial species. According to the principle, this technique

is akin to 16S rRNA gene sequence comparisons, except that, instead of one gene,

the fragments of multiple “housekeeping” genes are each sequenced, and the

combined sequences are put together, or concatenated, into one long sequence

that can be compared with other sequences. The housekeeping genes generally

encode proteins that carry out essential cellular processes, for example, the gyrase B

subunit (gyrB), the alpha and beta subunits of RNA polymerase (rpoA and rpoB),
and recA, a gene encoding for an enzyme important in DNA repair; there are a host

of others (Zeigler 2003). Loci for housekeeping gene are present in most of the cells

and tend to be conserved among different organisms. As a result, general-purpose

primers can be designed that will work using PCR to amplify the same genes across

multiple genera; however, in many cases, truly universal primer sets are not

possible, so primers need to be designed for specific families or orders of bacteria.

Currently used multi-locus sequencing is two multi-locus sequencing strategies,

i.e., Multi-Locus Sequence Typing (MLST) and Multi-Locus Sequence Analysis

(MLSA). MLST is a well-defined approach that uses a suite of 6–10 genetic loci,

with appropriate primers for each locus to allow PCR amplification and sequencing

of the products (usually 400–600 base pairs) (Maiden et al. 1998). MLSA also

involves sequencing of multiple fragments of conserved protein encoding genes,

but it uses a more ad hoc approach to choosing the genes for comparative analysis.

A smaller subset (�6) of genes or loci is typically used in MLSA than is used in

MLST (Gevers et al. 2005).
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13.9.5 Microarrays

Microarrays are among the highly imperative technologies that simultaneously

identify specific microbes and provide ecological context for the population struc-

ture and functional structure of a given microbial community. Microarray is based

on spotting probes for hundreds or thousands of genes onto a substrate and then

hybridizing sample DNA or RNA to it. The sample DNA or RNA is labeled with a

fluorescent reporter molecule so that samples that hybridize with probes on the

microarray can be detected rapidly. For bacterial identification, several recapitula-

tions of a “phylochip” that utilizes the small subunit of ribosomal gene as a target

have been developed, both for specific and for very broad groups of environmental

bacteria (Liu et al. 2001; Wilson et al. 2002). Geochip is another example, which

has been developed to identify microbes involved in essential biogeochemical

processes such as metal transformations, contaminant degradation, and primary

carbon cycling (He et al. 2007). Microarrays are moving forward rapidly, both for

diagnostic purposes and for understanding the fundamentals of disease pathology

(Frye et al. 2006; Richter et al. 2006). However, because of their inherent com-

plexity and relative expense, microarrays have yet to be used as standard methods in

microbial identification.

13.9.6 Proteomics in Bacterial Identification
and Characterization

Use of proteomics in conjunction with mass spectrometry allows rapid interroga-

tion of biomolecules produced by an organism and offers an excellent complement

to classical microbiological and genomics-based techniques for bacterial classifi-

cation, identification, and phenotypic characterization. The most extensively used

proteomic technologies for bacterial identification and characterization include

Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry

(MALDI-TOF-MS); Electro-Spray Ionization Mass Spectrometry (ESI-MS); Sur-

face-Enhanced Laser Desorption/Ionization (SELDI) Mass Spectrometry; One- or

Two-Dimensional Sodium Dodecyl Sulfate–Polyacrylamide Gel Electrophoresis

(SDS-PAGE); or the combination of Mass Spectrometry, Gel Electrophoresis, and

Bioinformatics. Fourier-Transform Infrared Spectroscopy (FT-IR) has also been

used extensively to classify and identify bacterial samples (Al-Qadiri et al. 2006).

Figure 13.1 illustrates a generalized view of integrated proteomics flowchart.

218 P. Goyal et al.



13.9.7 Mass Spectrometry

Mass spectrometry is a most powerful analytical tool that has been used to identify

unknown compounds, quantify known compounds, and elucidate the structure and

chemical properties of molecules. Soft Ionization Methods such as MALDI-TOF-

MS and ESI-MS for the analysis of biological molecules are a major breakthrough

in mass spectrometry. Before the development of the soft ionization method, the

application of mass spectrometry to biological materials was limited by the require-

ment that the sample be in vapor phase before ionization. Soft ionization has made

it possible to study larger biological molecules and perform analyte sampling and

ionization directly from native samples, including whole cells, using mass

Fig. 13.1 Overview of proteomics approaches in bacterial identification and characterization. The

bacterial sample can be analyzed using either a gel-based or a mass spectrometry (MS)-based

approach. In the gel-based approach, bacterial lysate is prepared and run on one- or

two-dimensional sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE). The

SDS-PAGE can be analyzed by comparing it directly with available gel images in the database or

by excising the protein spots and using trypsin digestion and mass analysis for identification. On

the basis of the protein pattern analysis or the identified proteins, or both, the bacterium from

which the lysate was prepared will be identified using bioinformatics analysis (database search and

computer algorithm analysis). In the MS-based approach, bacterial lysates or the whole cell are

analyzed using different mass spectrometry techniques, such as matrix-assisted laser desorption/

ionization time-of-flight (MALDI-TOF), electrospray ionization mass spectrometry (ESI-MS),

liquid chromatography tandem mass spectrometry (LC/MS/MS), and surface-enhanced laser

desorption ionization mass spectrometry (SELDI). The unknown bacterium will be identified

either by comparing the resulting mass spectra with a collective proteomics database containing

mass spectra of known bacteria or by searching and matching the sequence of a panel of proteins

with proteins of known bacteria in the protein database
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spectrometry (Fenn et al. 1989). Figure 13.2 illustrates a simplified schematic

representation of MS.

13.9.8 Matrix-Assisted Laser Desorption/Ionization
Time-of-Flight Mass Spectrometry

MALDI-TOF-MS is another precious mass spectral method for bacterial analysis

(Lay 2001; Dare 2006). It is highly significant because of the following facts:

(a) This tool can be used to analyze whole bacterial cells directly.

(b) It can produce relatively simple, reproducible spectra patterns over a broad

mass range under well-controlled experimental conditions.

(c) The spectra patterns contain characteristic information that can be used to

identify and characterize bacterial species by comparing the spectra fingerprints

of the unknown species with known library fingerprints.

(d) A number of known, taxonomically important protein markers can be used

directly for identifying bacterial species.

Fig. 13.2 Schematic representation of soft ionization techniques used in mass spectrometry. (a)

Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry. The

sample to be analyzed is mixed with organic matrices and deposited on the sample plate in the

form of a small spot. The mixture is ionized by the laser beam. The resulting ions move toward the

mass analyzer, and the mass is detected to obtain the mass spectrum. (b) Electrospray ionization

mass spectrometry (ESI-MS). The analyte is mixed with a solvent and sprayed from a narrow tube.

Positively charged droplets in the spray move toward the mass spectrometer sampling orifice under

the influence of electrostatic forces and pressure differentials. As the droplets move to the orifice,

the solvent evaporates, causing the analyte ions to move toward the analyzer for mass analysis
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MALDI-TOF-MS is rapidly becoming an accepted technology for bacterial

identification either by comparison with archived reference spectra or by

co-analysis with cultures of known bacteria. A variety of bacteria have been

analyzed using MALDI-TOF-MS, including Staphylococcus species (Edwards-

Jones et al. 2000), Mycobacteria species (Pignone et al. 2006), and extremophilic

bacteria and archaea (Krader and Emerson 2004). The most prevalent example of

its use is Staphylococcus aureus, a bacterium commonly found on human skin,

which causes infection during times of uncontrolled growth. Improper use of

antibiotics has rendered S. aureus resistant to the methicillin class of antibiotics

(Edwards-Jones et al. 2000). The first outbreak of methicillin-resistant S. aureus
(MRSA) was recorded in a European hospital in the early 1960s. Since then, the

threat of MRSA has spread from hospitals and clinical settings to schools and public

communities, thus necessitating the use of techniques that can rapidly identify and

discriminate MRSA from methicillin-sensitive S. aureus (MSSA). Edwards-Jones

et al. (2000) developed a MALDI-TOF-MS method for the identification, typing,

and discrimination of MRSA and MSSA. In this method, a sample is taken from a

single bacterial colony and smeared onto a sample slide. The appropriate matrix is

applied to the sample, which is then analyzed using MALDI-TOF-MS which shows

that MRSA and MSSA yield distinct spectral peaks that allow for rapid distinction

between the two and, therefore, hypothetically, for appropriate treatment of

S. aureus infections with respect to their resistance to antibiotics. Bruker Daltonics’
MALDI BioTyper is a MALDI-TOF-MS system which is based on the measure-

ment of high-abundance proteins, including many ribosomal proteins in a micro-

organism (Mellmann et al. 2008). The system is equipped with bioinformatics tools

(clustering and phylogenetic dendrogram construction) that allow for the rapid

identification and characterization of a known or unknown bacterial culture on

the basis of proteomics signatures (Lay 2001; Dare 2006).

13.9.9 Electrospray Ionization Mass Spectrometry

ESI-MS is also an important tool for bacterial identification and characterization,

especially for the analysis of cellular components. In this methodology, proteins

expressed by the bacteria can be extracted from the lysed cells and analyzed using

ESI-MS. This technique allows for the analysis of both intracellular and extracel-

lular proteins, carbohydrates, and lipids. ESI-MS also has the advantage in its

ability to perform tandem mass spectrometry during which the protein of interest

can be fragmented for a second mass analysis. It further provides protein fragment

sequence information or a peptide fragmentation fingerprint which would be

helpful in database search to identify that specific protein. Due to this technique,

accuracy of protein identification is significantly increased as compared with

identification using only molecular weight information from a single MALDI-

TOF-MS analysis.
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Krishnamurthy and Ross (1996) reported that the total analysis time leading to

unambiguous bacterial identification in samples is less than 10 min, with reproduc-

ible results. Recent advances in this technology made it possible to identify and

characterize bacterial strains rapidly and effectively using a combination of PCR

and ESI-MS technology (Sampath et al. 2007). Combination of MALDI-TOF-MS

with MLST analysis is also developed recently in order to analyze nucleic acids in a

pathogenic bacterial model, i.e., Neisseria meningitidis (Honisch et al. 2007).

Integrated genotypic and proteomics technologies provide very powerful tool for

bacterial identification and characterization (Bons et al. 2005).

13.10 Surface-Enhanced Laser Desorption/Ionization

SELDI is a relatively new and advanced technology which is specifically designed

to perform mass spectrometric analysis of protein mixtures retained on chemically

(e.g., cationic, ionic, hydrophobic) or biologically (e.g., antibody, ligand) modified

chromatographic chip surfaces. These varied chemical and biochemical surfaces

allow differential capture of proteins based on the intrinsic properties of the proteins

themselves. The SELDI mass spectrometer produces spectra of complex protein

mixtures based on the mass-to-charge ratio of the proteins in the mixture and their

binding affinity to the chip surface. Differentially expressed proteins may then be

determined from these protein profiles by comparing peak intensity. Figure 13.3

illustrates the general procedure of SELDI.

Fig. 13.3 Schematic representation of the surface-enhanced laser desorption/ionization technique

(abbreviations: MS mass spectrometry, m/z mass-to-charge ratio). This technique utilizes

aluminum-based chips, engineered with chemically or biologically modified surfaces. These

varied surfaces allow the differential capture of proteins based on the intrinsic properties of the

proteins themselves. Bacterial lysates are applied directly to the surfaces, where proteins with

affinities to the surface will bind. Following a series of washes to remove nonspecifically bound

proteins, the bound proteins are profiled using the integrated mass analyzer to generate a mass

spectrum for further analysis.
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Applicability of SELDI for detecting and identifying bacterial pathogens and

virulence factors has been extensively studied (Seo et al. 2004). These studies

demonstrate the alternative approach of SELDI technology to other existing tech-

niques for exploring bacterial proteomes and ultimately permitting bacterial iden-

tification based on a comparison of protein profiles and patterns. Lundquist et al.

(2005) showed that SELDI-TOF-MS is capable of generating unique and repro-

ducible protein profiles for each subspecies, allowing the subspecies to be distin-

guished from one another. Using this technology, four subspecies of Francisella
tularensis, causative agent of tularemia in humans, have been explored. It has been

also observed that out of the four subspecies of F. tularensis, tularensis is highly
infectious.

13.11 Gel-Based Bacterial Characterization

and Identification

Bacteria may also be differentiated on the basis of their cellular protein contents.

The most established technique for examining cellular protein content is to lyse

cells and separate their entire protein complement using SDS-PAGE. This results in

a migration pattern of the protein bands that is characteristic for a given bacterial

strain (Vandamme et al. 1996). Researchers can identify bacteria by comparing

their migration patterns with reference gel patterns in an established database.

However, because SDS-PAGE analysis is slow and labor intensive, and because

the application necessitates precise culture conditions that yield fairly large

amounts of sample material, it is not particularly useful for rapid identification of

bacteria, particularly for field and point-of-care applications.

Two-dimensional gel electrophoresis (2DE), i.e., the combination of isoelectric

focusing (IEF) and SDS-PAGE, affords a high-resolution separation of up to

several thousand spots in a single gel analysis. In 1975, O’Farrell (1975) introduced
2DE as a method for separating complex mixtures of cellular proteins. In 2DE,

proteins are separated by IEF electrophoresis in a pH gradient according to each

protein’s isoelectric point in the first dimension, followed by the second-dimension

SDS-PAGE separation according to the relative molecular weight of each protein.

After the second-dimension separation, the gel can be stained with standard or

sensitive staining solutions so that protein spots can be visualized and analyzed.

Protein gel patterns or 2DE maps from known bacteria can be further scanned,

analyzed, and stored in a reference database. To identify an unknown species, a

2DE map from the unknown sample is generated by running a 2DE gel and then

comparing it with 2DE maps in the reference database for identification.

When used as a stand-alone technique, 2DE is most often used for analyzing

protein mixtures, isolating proteins of interest for identification, and comparing

differential expression patterns of different types of samples. For more complex
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proteomics analysis, 2DE is greatly enhanced when combined with mass spectrom-

etry. Redmond et al. (2004) analyzed the exosporium of Bacillus anthracis spores
by isolating the proteins from the outer casing of the spore using SDS-PAGE and

analyzing the isolated protein using delayed-extraction MALDI-TOF-MS. The

team identified several proteins associated with the exosporium of B. anthracis.
Using these methods, the whole proteome or sub-proteome has also been made

available for many other bacteria, including E. coli, Bacillus subtilis, S. aureus,
Pseudomonas aeruginosa, and Helicobacter pylori (Nouwens et al. 2000; Hecker
et al. 2003; Peng et al. 2005; Pieper et al. 2006). A collective proteomics database

with complete 2DE maps and mass spectra of known bacteria will allow investi-

gators to compare and identify unknown bacteria.

PCR methods have been described for betalactamases, aminoglycoside-

inactivating enzymes, and tetracycline efflux genes (Cai et al. 2003; Chen et al.

2005; Frye et al. 2010; Perreten et al. 2005). Technological innovations in

DNA-based diagnostics should allow for the detection of multiple resistance

genes and/or variants during the same test. The development of rapid diagnostic

identification methods and genotypic resistance testing should help reduce the

emergence of antimicrobial resistance, by enabling the use of the most appropriate

antimicrobial when therapy is initiated. However, DNA techniques have to be

demonstrated to be complementary to AST methods and results. Additionally,

new technological advances may facilitate the ability to probe bacterial species

for large numbers of antimicrobial resistance genes quickly and cheaply, thereby

providing additional relevant data for surveillance and monitoring programs (Frye

et al. 2010). However, despite the new influx of genotypic tests, documented and

agreed upon phenotypic AST methods will still be required in the near future to

detect emerging resistance mechanisms among bacterial pathogens.

13.12 Conclusion

Emergence of antibiotic resistance among microbial pathogens is a major concern

throughout the world. This situation is aggressively worsened due to the wide

spreading of resistance genes by horizontal gene transfer, ultimately leading to

the novel resistant strains termed as multidrug-resistant (MDR), extremely drug-

resistant (XDR), and total drug-resistant (TDR) bacterial pathogens. Although a

variety of methods exist for evaluating the resistance patterns, the major goal of

in vitro antimicrobial susceptibility testing remains to provide a reliable predictor of

how a microorganism is likely to respond to antimicrobial therapy in the infected

host. This type of information aids the clinician in selecting the appropriate

antimicrobial agent, provides data for surveillance, and aids in developing antimi-

crobial judicious use policies (World Organization for Animal Health 2010). In

vitro antimicrobial susceptibility testing can be performed using a variety of

formats, the most common being disk diffusion, agar dilution, broth macrodilution,

broth microdilution, and a concentration gradient test. Each of these procedures
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requires the use of specific testing conditions and methods, including media,

incubation conditions and times, and the identification of appropriate quality

control organisms along with their specific parameters. It is essential that AST

methods provide reproducible results in day-to-day laboratory use and that the data

be comparable with those results obtained by an acknowledged “gold standard”

reference method. In the absence of standardized methods or reference procedures,

antimicrobial susceptibility/resistance results from different laboratories cannot be

reliably compared.

The use of genotypic approaches for detection of antimicrobial resistance genes

has also been promoted as a way to increase the rapidity and accuracy of suscep-

tibility testing. Additionally, new technological advances in molecular techniques

(e.g., microarray) may facilitate the ability to probe bacterial species for large

numbers of antimicrobial resistance genes quickly and cheaply, thereby providing

additional relevant data into surveillance and monitoring programs (Ojha and

Kostrzynska 2008; Poxton 2005). Despite the new influx of genotypic tests, how-

ever, standardized phenotypic AST methods will still be required in the near future

to detect emerging resistance mechanisms among bacterial pathogens.

Advanced genomics and proteomics technologies play a critical role in bacterial

identification and characterization and have a number of practical applications,

aside from being fundamental to questions of bacterial systematics, taxonomy, and

evolution. Rapid identification and discrimination of pathogenic microbes has a

major impact on public health in terms of correct diagnosis and timely disease

treatment. This kind of information has a significant impact for treatment options.

The ability to rapidly identify these individual organisms within populations of

thousands of different species is essential for understanding how they will affect our

ecosystems. Bacterial characterization will also assist in elucidating the mecha-

nisms that govern microbial pathogenesis and allow for the discovery of important

protein targets essential to the development of vaccines, diagnostic kits, and

therapeutics for infectious diseases. It is these kinds of applications that make the

continued development of techniques for bacterial identification important both for

basic science and for the maintenance of human and environmental health.
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Chapter 14

Continuous Elution Electrophoresis: A

Unique Tool for Microbial Protein Analysis

Smriti Shrivastava, Pratyoosh Shukla, Kunal Mukhopadhyay,

and Ajit Varma

Abstract Microbial proteins are diverse and fascinating matter to study. Majority

of time it happens that a protein cannot be studied at fine details as its properties are

masked by others in vicinity. For the same, purification to homogeneity is required,

and there are enormous number of techniques for protein purification currently

followed in various laboratories. We will discuss one of them here. This chapter

focuses on purification of protein sample from fungal sources to homogeneity by

continuous elution electrophoresis (CEE) using Miniprep Cell. This is an extremely

reproducible technique for getting single protein fractions during purification steps

and works beyond doubt for separating two different proteins which resemble each

other in all respect except a difference of few Daltons. In the present review, we will

highlight the importance of continuous elution electrophoresis in separating bio-

logically active proteins.
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14.1 Introduction

In spite of varied research, large-scale analysis of protein complexes still remains

one of the major challenges of proteomics (Huang et al. 2009). Fractionation of

protein complexes that are compatible with downstream processing is required.

Micropreparative approach has the capacity to separate milligram quantities of

protein complexes, which can assist the study of proteins of lower abundances.

Polyacrylamide gel electrophoresis separates molecules in complex mixtures, and

during electrophoresis there is an intricate interaction of samples, gel matrix

buffers, and electric current resulting in separate bands of individual molecules.

Empirically the pore size providing optimum resolution for proteins is that which

results in the relative mobility (Rf ) value between 0.55 and 0.6. Polyacrylamide gel

electrophoresis when done in the presence of sodium dodecyl sulfate ensures

dissociation of proteins into their individual polypeptide subunits and that mini-

mizes aggregation and accounts for proper separation of protein subunits (Laemmli

1970). These molecules separated by SDS-PAGE are biologically inactive, and the

process accounted for separating proteins along with maintaining its activity is

native PAGE, where the protein mobility is determined by its size and charge. This

technique makes use of varied buffer system and is highly dependent on pI of
protein of interest and pH of electrophoresis buffer (Ornstein and Davis 1964).

Protein separation at preparative level can be performed either by scale-up of the

analytical SDS-PAGE procedure or by continuous elution electrophoresis through

Mini Prep Cell (Fig. 14.1) from Bio-Rad (Bio-Rad Laboratories, Hercules, CA,

USA). Mini Prep Cell is a beneficial tool as compared to polyacrylamide gel

electrophoresis as scale-up of the analytical SDS-PAGE does not have high resolv-

ing power and results in insufficiently purified material, and further with the

Miniprep Cell, proteins differing by 2 % in molecular weight can be separated

within 6 h (Lee and Harrington 2002).

Continuous elution electrophoresis (CEE) has been used as a preparative tool for

blot overlay analysis (Mulvey and Ohlendieck 2003). Murray described a prepar-

ative method for starch gel electrophoresis in which electrophoretically separated

components of the mixture can be eluted directly and continuously from a starch gel

(Murray 1962). Preparative electrophoresis devices fractionate and purify nano-

gram to gram quantities of proteins and nucleic acids by electrophoresis and CEE

(Bio-Rad Laboratories).
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14.2 Blue Native Continuous Elution Electrophoresis

as Primary Micropreparative Fractionation

Technique

Various studies have reported the use of CEE as primary micropreparative frac-

tionation technique. Blue native continuous elution electrophoresis is a combina-

tion of blue native PAGE and CEE and has been used by Huang and his group for

generation of protein complexes of about 800 kDa (Huang et al. 2009).

Continuous elution polyacrylamide gel electrophoresis procedure was used to

purify a recombinant enzyme from Dictyostelium expressed as inclusion body in

expression host BL-21 CodonPlus (DE3)-RIL. The enzyme was obtained at a yield

of 5 mg/l of culture broth, with a specific activity of 0.7 nmol/min/mg protein

(Ubeidat and Rutherford 2003). In a previous study Ubeidat and Rutherford devel-

oped expression system and single-step purification method for developmentally

regulated protein from Dictyostelium discoideum (Ubeidat and Rutherford 2002).

Fig. 14.1 Electrophoresis chamber Model 491 Prep Cell from Bio-Rad for isolating protein

molecules in complex biological matrices (Bio-Rad Laboratories, Inc.)
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They purified the recombinant protein to homogeneity using CEE and could obtain

10 mg of protein per liter growth medium.

14.3 CEE as Secondary Preparative Tool

CEE clubbed with other chromatographic and electrophoretic tools can be widely

used for purification of complex proteins to homogeneity. A 23 kDa

endo-β-xylanase from Thermomyces lanuginosus NCIM 1374/DSM 28966 was

purified to homogeneity using gel filtration and ion-exchange chromatography

followed by continuous elution electrophoresis (Figs. 14.2 and 14.3) (Shrivastava

et al. 2011).

Fusion proteins of human immunodeficiency virus type I (HIV-1), gp-41,

obtained from cells overexpressing virus envelope protein and HIV isolates were

purified using preparative scale purification technique where proteins were

extracted by sodium dodecyl sulfate polyacrylamide gel electrophoresis and then

subjected to separation by CEE using zwitterionic detergent in elution buffer (Viard

et al. 2002). This approach proved very beneficial for isolation of integral mem-

brane proteins that undergo spontaneous folding and aggregation.

Fig. 14.2 Elution profile of xylanase from Thermomyces lanuginosus on continuous elution

electrophoresis native polyacrylamide (15 %) gel. Xylanase activity ( filled circle) and total

protein absorbance at 280 nm. (Unfilled circle) Fraction volume of 1 ml (Shrivastava et al. 2011)
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14.4 CEE and Blot Overlay Techniques

Blot overlay technique in general was used to visualize protein-protein interaction

on membrane and had a major drawback that it could not work efficiently in limited

quantities of protein. This technique when clubbed with CEE could be utilized for

rapid identification of protein-protein interaction. Mulvey and Ohlendieck sepa-

rated microsomal muscle proteins ranging from 60 to 200 kDa electrophoretically

and identified them based on immunoblotting of marker proteins. Thus it was seen

that conjugation of CEE and blotting technique resulted in rapid identification of

protein-protein interaction and could lead to future high-throughput analysis of

subproteomes (Mulvey and Ohlendieck 2003).

14.5 Stepwise Elution Chromatography

Yamamoto and his team designed a method of stepwise elution chromatography

which was effective for protein purification as well as its concentration. Stepwise

elution chromatography could concentrate α-amylase by 30-fold and purify it by a

factor of 23-fold (Yamamoto et al. 1992). A similar study on optimization of eluted

salt concentration was applied to the actual protein separation system for recovery

Fig. 14.3 Silver-stained

SDS-PAGE (18 %) of

xylanase purification steps.

Lane 1, crude extract; lane
2, ultrafiltration retentate;

lane 3, anion-exchange
chromatography xylanase

positive elute; lane 4,
purified xylanase after

continuous elution

electrophoresis (Shrivastava

et al. 2011)
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of monoclonal antibodies, and a successful separation system was designed using

optimized condition (Ishihara et al. 2006). A similar study on stepwise elution

chromatography was done based on linear gradient elution experiment. This exper-

imental setup could separate β-galactosidase using medium-performance (an)ion-

exchange chromatography (Yamamoto et al. 1992). This group had also done

extensive study on resolution of protein in linear gradient elution ion-exchange

and hydrophobic interaction chromatography (Yamamoto et al. 1987). Yamamoto

and Kita also gave a rational design calculation method for stepwise elution

chromatography of proteins by which the efficiency of process was enhanced, and

separation time was highly reduced (Yamamoto and Kita 2006).

14.6 Conclusions

Continuous elution electrophoresis individually as well as when clubbed with other

techniques like blotting, blot overlay, and chromatography, etc. has proved to be

efficient tool for protein and nucleic purification at preparative scale. Protein

concentration could further be enhanced using stepwise elution chromatography

(Yamamoto et al. 1992). On comparison of various studies, it was found that the

amount of protein recovered after purification was higher when CEE was used as a

single tool for the process, rather than when clubbed with other techniques

(Shrivastava et al. 2011; Ubeidat and Rutherford 2002, 2003). Micropreparative

fractions have been used for various analyses including processes like the study of

Saccharomyces cerevisiae cellular lysate (Huang et al. 2009). From various studies

reporting continuous elution electrophoresis, it could be very well driven that this

technique has proved to be of potential use for protein purification with high yield

and fast recovery, and its further utilization can give us wide understanding of many

unexplored microbial proteins.
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Chapter 15

Detection and Characterization

of Endobacteria in the Fungal Endophyte

Piriformospora indica

Stefanie P. Glaeser, Ibrahim Alabid, Huijuan Guo, Neelendra Kumar,

Jafargholi Imani, Peter Kämpfer, Martin Hardt, Tobias Busche,

J€orn Kalinowski, Jochen Blom, Alexander Goesmann, Michael Rothballer,

Anton Hartmann, and Karl-Heinz Kogel

Abstract The nonpathogenic Alphaproteobacterium Rhizobium radiobacter
(syn. Agrobacterium tumefaciens) (RrF4) is a subculture of the endobacterium

R. radiobacter, which is intricately associated with its host, the beneficial plant-

colonizing fungal basidiomycete Piriformospora indica. RrF4 is genetically very

similar to the well-studied plant pathogenic R. radiobacter biovar I strain C58

(genomovar G8). Highly similar genetic content of RrF4 and C58 denotes the high

potential for RrF4 to directly interact with plants. The failure to cure P. indica from
its endobacterium still hampers a conclusive prediction of the bacterium’s extended
role in the interaction of the fungus with a broad spectrum of host plants. However,

beneficial activities shown in cereals and the Brassicaceae Arabidopsis thaliana
were hardly distinguishable when induced either by RrF4 or P. indica. We discuss

here the various strategies employed to detect, characterize, and eventually elucidate

the endobacterium’s role in the tripartite symbiosis with its fungal host and a plant.
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15.1 Biologically Characterized Interactions of Higher

Fungi with Endobacteria

Although soilborne beneficial microbes are prevalent, their phylogenetic, spatial,

and functional diversity is widely unresolved (Berg et al. 2014). Complex symbi-

otic interactions including bacteria, fungi, and their host plants are especially little

understood, and their global prevalence is widely unknown (Lackner et al. 2009;

Hoffman and Arnold 2010; Naumann et al. 2010). Endobacteria in higher fungi

were previously detected in Glomeromycotan arbuscular mycorrhizal symbioses

(Bonfante and Anca 2009; Naumann et al. 2010), in the ectomycorrhizal fungus

Laccaria bicolor (Bertaux et al. 2003; Bertaux et al. 2005), in the rice pathogenic

fungus Rhizopus microsporus (Partida-Martinez and Hertweck 2005), in hyphae of

phylogenetically diverse foliar fungal endophytes (Hoffman and Arnold 2010), in

the soil isolate Mortierella alpina (Kai et al. 2012), and in plant symbiotic

Endogone Mucoromycotina fungi (Desirò et al. 2015).

We studied the tripartite Sebacinalean interaction, comprising fungi of the order

Sebacinales (Basidiomycota), phylogenetically diverse endofungal bacteria, and a

broad range of monocotyledonous and dicotyledonous host plants (for a review, see

Qiang et al. 2012a). A first analysis of the distribution on a worldwide scale

suggested that Sebacinalean symbioses are prevalent in all continents (Weiss

et al. 2011; Reiss et al. 2014), potentially making them a vital part of global soil

ecosystems. The root endophyte Piriformospora indica (syn. Serendipita indica) is
a model fungus of the Serendipitaceae of the Sebacinales (Oberwinkler et al. 2014).
Since its discovery in the Indian Thar dessert in 1996 (Varma et al. 1999), P. indica
have been shown to promote biomass, yield, and health of a broad spectrum of

plants (Varma et al. 2012; Ye et al. 2014; Peškan-Bergh€ofer et al. 2004; Waller

et al. 2005; Deshmukh et al. 2006; Camehl et al. 2010; Qiang et al. 2012b). Genetic

and biochemical assessments of the resistance mechanism that is induced by

P. indica in Arabidopsis thaliana against a wide spectrum of leaf and root patho-

gens showed a need for an operable jasmonate- but not salicylate-dependent

pathway and thus is consistent with an induced systemic resistance (ISR)-type

response (Stein et al. 2008; Jacobs et al. 2011). Intriguingly, despite the fact that

P. indicamediates resistance to root and leaf pathogens, several reports have shown

that the fungus suppresses part of the roots’ defense systems for a successful

colonization (Jacobs et al. 2011). For instance, the fungus exploits the antagonism

of the SA–JA cross talk to downregulate SA-linked defense by upregulating the

jasmonate pathway. Concomitantly, colonization by the mutualistic fungus induces

the antioxidant system which supports its own early biotrophic phase and by the
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same time leads to a strong protection of root tissue against necrotrophic challenger

(Baltruschat et al. 2008; Harrach et al. 2013). It is reasonable that a combination of

such efficient immune modulating strategies eventually evolved the capacity to

colonize an unprecedented broad range of host plants.

Members of the Serendipitaceae regularly undergo complex symbioses involv-

ing plants and endofungal bacteria of different genera (Sharma et al. 2008). So far

detected endobacteria, associated with fungi of the genera Piriformospora and

Sebacina, belong to two genera of Gram-negative (Rhizobium and Acinetobacter)
and two genera of Gram-positive (Paenibacillus and Rhodococcus) bacteria. The
best-studied example of a tripartite Sebacinalean symbiosis is the association of

P. indica with the Alphaproteobacterium Rhizobium radiobacter (syn.

Agrobacterium radiobacter; syn. Agrobacterium tumefaciens). Fluorescence in

situ hybridization (FISH) using universal bacteria (EUB) and a Rhizobium-specific
16S rRNA targeting probe (Rhi1247) confirmed the stable endocellular association

of small numbers of bacterial cells within P. indica chlamydospores and hyphae

(Sharma et al. 2008). A recent assessment of the relative abundance of bacterial

cells in P. indica during colonization of barley root tissues by quantitative (q)PCR

targeting the internal transcribed spacer (ITS) between the 16S rRNA and 23S

rRNA gene of the ribosomal RNA operon of R. radiobacter and the fungal tef gene
(Glaeser et al. 2016) detected one bacterial cell per 450 P. indica nuclei of the

multinucleated fungus. Importantly, the number of bacteria per fungal unit—as

normalized by the fungal tef gene—varied greatly depending on the condition used

to cultivate the fungus. Highest numbers of bacterial cells were detected in fungal

mycelium freshly isolated from surface-sterilized roots. Consistent with this, the

number of bacterial cells also significantly increased when liquid P. indica cultures
were supplemented with root material (Guo, Glaeser unpublished).

15.2 Attempts to Cure P. indica from Endobacteria

Piriformospora indica is the only Sebacinales fungus axenically cultivable bacteria
could have been isolated from. The endobacterium was isolated from powdered

fungal mycelia of P. indica (DSM 11827, Sharma et al. 2008) and propagated in

axenic cultures for a prolonged period. A subculture of the original isolate

R. radiobacter strain PABac-DSM (Sharma et al. 2008) was used for detailed

studies of the interaction of the isolated bacterium with various plants. This

subculture was designated R. radiobacter F4 (RrF4; Glaeser et al. 2016).
Importantly, while the bacterium could be isolated from P. indica, various

attempts to cure the fungus of its resident endobacterial cells have failed. Experi-

ences with other endofungal bacteria suggested two possible strategies for curing

attempts: i. Antibiotics were successfully used to kill endofungal bacteria in the
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rice-pathogenic zygomycete Rhizopus microsporus, thereby obtaining a cured

fungus (e.g., Partida-Martinez and Hertweck 2005). ii. The arbuscular mycorrhiza

(AM) fungus Gigaspora margarita could not be cured by antibiotic treatment but

repeated passages through single-spore inocula resulting in a bacteria-free fungal

line (Lumini et al. 2007). In both examples, fungi survived curing, though

G. margarita showed a reduced fitness. In order to generate a bacterium-free

P. indica, we extended earlier attempts (Sharma et al. 2008) by the following

strategies: Axenic P. indica cultures were treated with a mixture of the antibiotics

spectinomycin and ciprofloxacin that are known to be very efficient in killing RrF4
in liquid bacterial cultures. Protoplasts were isolated from this mycelium and

cultured under the same antibiotics to avoid that the fungal cell wall may hinder

the entrance of antibiotics. After three rounds of clonal selection of fungal pro-

toplasts, bacteria could no longer be detected in regenerating mycelia by qPCR.

Germination of chlamydospores derived from these fungal clones was delayed, and

single colonies were approximately 50 % smaller in size and produced less spores

compared to colonies grown without antibiotics. However, upon colonization of

plant roots always resulted in a recovery of bacteria, showing that they were not

completely removed by the antibiotic treatments. The fact that bacteria could not be

killed inside the hyphae by antibiotics that were very efficient on isolated bacterial

cultures (Sharma et al. 2008) raised the hypothesis that endofungal R. radiobacter
under certain environmental conditions enters an inactive state where it becomes

non-cultivable and also might be insensitive to antibiotics. The bacteria may have

either shifted to a viable but non-culturable (VBNC) state as suggested by Oliver

(2005) or a dormant state with low metabolic activity and extended period without

cell division (Kaprelyants et al. 1993). Both physiological states would cause

resistance against antibiotics. Differences in cell morphology of the free-living

bacterium (large rod-shaped cells) and the fungal endobacteria (small coccoid

rods) support this hypothesis as cell size reduction is one of the main criteria of

those physiological stages. Mycelium that was treated with antibiotics and thus

showed reduced spore production was termed “partially cured” P. indica (pcPIRI).

Other strategies to cure the fungus included maintaining and multiplying the axenic

fungus under antibiotics, clonal propagation from single fungal chlamydospores,

and selective isolation of fungal mycelia from youngest hyphae in radial mycelial

clones. In all these cases, bacteria cell numbers initially declined down to the qPCR

detection level, but eventually recovered after a colonization of roots in the absence

of antibiotics. Importantly and consistent with an intricate association of P. indica
and R. radiobacter, no other bacterial species have been isolated from worldwide

distributed laboratory cultures of P. indica.
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15.3 Analysis of the RrF4 Genome

The genome of RrF4 was sequenced and compared to related pathogenic

Agrobacterium strains (Glaeser et al. 2016). Genomic DNA was collected and

shotgun libraries were prepared for sequencing. Emulsion PCR (emPCR), emulsion

breaking of DNA-enriched beads, and sequencing of the shotgun libraries were

performed on a second-generation pyrosequencer (454 GS FLX Titanium) using

Titanium reagents and Titanium. Quality filtering of the pyrosequencing reads was

performed using the automatic standard signal processing pipeline of the Roche GS

Run Processor to remove failed and low-quality reads from raw data and to remove

adaptor sequences. The initial assembly of the data from 454 pyrosequencing was

performed using the Roche GS FLX Newbler software 2.0.01 with a minimum

overlap length of 40 bp and a minimum overlap identity of 90 % followed by a

comparative alignment to the genome of R. radiobacter (syn. A. tumefaciens,
A. radiobacter) C58 which resulted in four distinct contigs. The data were uploaded
into GenDB (Meyer et al. 2003) and subjected to an automatic annotation. BLAST

ring images were generated using BRIG (Alikhan et al. 2011). Genome compari-

sons were performed in EDGAR (Blom et al. 2009; Blom et al. 2016). This Whole

Genome Shotgun project has been deposited at DDBJ/EMBL/GenBank under the

accession JZLL00000000 (Glaeser et al. 2016). Using this technical strategy, we

found a very high degree of similarity of RrF4 to the genome of the plant patho-

genic C58 (Goodner et al. 2001). Like C58, RrF4’s genome is organized in a

circular (2.8 Mb) and a linear chromosome (2.06 Mb), a tumor-inducing plasmid

pTiF4 (0.21 Mb), and an accessory plasmid pAtF4 (0.54 Mb). The two strains share

95 % of the genes from the circular and 98 % of the genes from the linear

chromosomes. The average amino acid identity (AAI) of shared genes is 99.8 %

(Glaeser et al. 2016), indicating the high genetic relationship of the two bacteria. At

a taxonomic point of view, the two strains clearly belong to the same species. Based

on the phylogenetic assignment of C58 and RrF4, they are members of the

Agrobacterium genomovar G8 which was indicated by extended comparative

analysis of the two genomes (Glaeser et al. 2016).

Interestingly, the circular and linear chromosomes had 100 and 80 singleton

Coding Sequences (CDs), respectively, not present in C58. Most of these CDs are of

unknown function and future analysis must show whether these genes represent

candidates for supporting the endofungal growth of RrF4 and/or fitness of its fungal
partner P. indica. The genetic alterations among RrF4 and C58 in both the pTi and

pAt plasmids such as the loss of the T-DNA can explain the loss of RrF4’s
pathogenicity (Glaeser et al. 2016). In contrast to the non-cultivable endobacterium

Cand. Glomeribacter gigasporarum, which was isolated from the AM fungus

Gigaspora margarita, the genome of RrF4 is not reduced. This is reminiscent of

the cultivable endobacterium Burkholderia rhizoxinica that also possess a merely
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slightly reduced genome (Lackner et al. 2011) as compared to free-living

Burkholderia species. Thus, the data are consistent with the hypothesis that R
radiobacter forms a facultative symbiosis with P. indica, where the bacterium

still is able to live independently of its host (Glaeser et al. 2016).

While RrF4 and C58 showed a high degree of similarity based on the circular

and linear chromosomes, the plasmids were more diverse (Glaeser et al. 2016).

These differences partly stem from gene translocations in RrF4 from the pTi to pAt

plasmid, partly from unique sequences in both strains. The acc operon, responsible
for agrocinopine A+B uptake and catabolism, the arc operon for agrocinopine

regulation of conjugation, a truncated version of the virH1 gene, and the tra operon
described by Piper et al. (1999) were translocated in RrF4 from plasmid pTi to pAt.

The latter one also includes the quorum sensing regulator gene traR but not the

AHL synthase traI, which remains upstream of the trb operon on pTi in both strains.
Furthermore, RrF4 harbors an additional set of tra genes on the pTiF4 plasmid

which shows highest similarity to the conjugation genes on the RP4 plasmid of

Escherichia coli. Most interestingly, in contrast to C58, RrF4 lacks the complete

transfer DNA (T-DNA) region and some adjacent genes belonging to the nopaline

catabolic (noc) region. It is hard to speculate which role the additional E. coli-like
tra genes might play for the nonpathogenic RrF4. While the “Rhizobium-like” tra
genes are usually involved in the transfer of the T-region to the infected plant cells

and are regulated by a luxI/luxR-type quorum sensing system (Fuqua and Winans

1994), the E. coli tra genes are required for bacterial conjugation (Frost et al. 1994).
Although it shares nearly identical circular and linear chromosomes with the

pathogenic A. tumefaciens C58, RrF4 is nonpathogenic. As shown previously, and

consistent with our finding, curing C58 from its pTi plasmid results in a nonpatho-

genic strain with albeit weak plant growth-stimulating activity (Walker et al. 2013).

Nevertheless, at present we do not know all the factors needed by RrF4 to associate
with its fungal host P. indica. Lackner et al. (2011) denoted the intrahyphal

Burkholderia rhizoxinica as a bacterium with a “genome in transition” because it

showed, at least to some extent, a reduced genome size compared to free-living

Burkholderia species. While RrF4 did not show a reduced genome size, changes in

the structure and gene content of both the pTi and pAt plasmids may hint to an

adaptation to a specific ecological niche. Especially the shift of several genes from

the pTi to the pAt plasmid could be a hint for an evolutionary adaptation from a

pathogenic to a symbiotic lifestyle. The gene content alone, however, will not be

sufficient to explain the endofungal lifestyle of RrF4; thus, further studies must

elucidate the molecular communication in the tripartite association between bacte-

rium, fungus, and plant.
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15.4 RrF4 Colonizes Roots and Proliferates Independent

of its Fungal Host

Free-living RrF4 colonizes plant roots and multiples independently of its natural

fungal host P. indica. Since axenically grown plants are most suitable for quanti-

fication and microscopy of bacteria in association with roots, plant seedlings were

grown on half-strength Murashige & Skoog (MS) medium. To produce an optimal

inoculum, RrF4 was grown overnight in modified LB broth (1 % casamino

hydrolysate, 0.5 % yeast extract, and 0.5 % NaCl, pH 7.0, supplemented with

100 μg mL�1 gentamycin) at 28�C and 150 rpm. Bacterial cells were collected by

centrifugation (3202 g, 10 min) and washed and resuspended in 10 mM MgSO4

7H2O buffer. Roots of three-day-old barley/wheat seedlings or seven-day-old

Arabidopsis seedlings, respectively, were dip inoculated for 30 min in RrF4
suspensions (OD600 ¼ 1.0 to 1.4). Control seedlings were dipped into 10 mM

MgSO4 7H2O. At various time points after dip inoculation, root material was

collected from the medium and RrF4 was quantified by qPCR targeting the ITS

of the ribosomal RNA operon. Before DNA extraction, roots were sequentially

washed in 70 % ethanol and distilled water and sonicated to remove excess of

bacteria from the surface. Upon this treatment, the amount of RrF4 cells that

remained attached to the Arabidopsis roots was below the qPCR detection limit.

During two weeks, RrF4 cells proliferated in the apical 4 cm of the roots as

indicated by a significant increase in RrF4 ITS targets relative to plant ubiquitin.
At 14 dpi, bacterial cell numbers reached 2.9 [�0.5] � 109 cells per g Arabidopsis

root FW (Glaeser et al. 2016). Interestingly, RrF4 propagated even better in roots of
barley and wheat seedlings: higher ratio values for ITS targets vs. root gene targets

suggested a more intense bacterial colonization of the monocotyledonous plants.

Moreover, high amounts of RrF4 cells remained attached to the root surface even

directly after dip inoculation [0 dpi; barley: 2.1 (�0.4) � 108; wheat: 3.3

(�2.0) � 108 cells per g FW of roots, which let us speculate that RrF4 bacteria

interact more efficiently with the surface of graminaceous plants than with

Arabidopsis. At 14 dpi, bacterial cell numbers reached 8.1 [�1.4] � 109 (barley)

and 6.0 [�2.5] � 109 (wheat) per gram root FW, suggesting that RrF4 interacts and
multiplies in barley and wheat with high efficiency (Glaeser et al. 2016).

15.5 RrF4 Multiplies at the Root Surface

Colonization of barley roots was also assessed microscopically with GFP-tagged

bacteria (Fig. 1; Glaeser et al. 2016). At five days after dip inoculation, RrF4 cells

were seen in the maturation zone I of primary roots in an area covering approxi-

mately one cm in length (Fig. 15.1a). At 14 dpi, bacteria had spread into the

maturation zone II, while elongation and meristematic zones as well as the root

cap remained virtually free of bacteria (Fig. 15.1b). This colonization pattern
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resembled the root colonization pattern of P. indica (Jacobs et al. 2011). Micro-

scopic analysis also revealed a distinct pattern in the root hair zone, suggesting

specific sites of higher RrF4 proliferation at the root surface. At later time points,

root hair zones of lateral roots also were colonized with the same pattern as in

primary roots (Fig. 15.1c,d). Bacterial conglomerates were particularly present at

lateral root protrusions that probably serve as entry sites into the central cyclinder

(see Sect. 15.6). Scanning electron microscopy detected conglomerates of RrF4
cells on root surface (Fig. 15.2). Bacterial cells formed biofilms as evidenced by

extracellular fiber-like structures. Inoculation of wheat and Arabidopsis roots with

RrF4 virtually showed the same colonization pattern and accordingly also resem-

bled the pattern observed with P. indica.

Fig. 15.1 Localization of GFP-expressing RrF4 in Arabidopsis roots. RrF4 on a primary root at

7 (a) and 14 dpi (b) and on lateral roots at 30 dpi (c, d). GFP-expressing RrF4 are visualized by

epifluorescence microscopy
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15.6 RrF4 Cells were Detected in the Intercellular Space

of the Root Cortex and in the Central Cylinder

Cross sections of barley roots were analyzed for bacteria colonizing the inner root.

About one week after dip inoculation, RrF4 cells were visible in the root cortex.

Bacteria were often detected at cell junctions of rhizodermal and cortical cells.

Light microscopy and TEM of ultrathin root cross sections showed a dense colo-

nization of the intercellular spaces in the cortex tissue up to the endodermis. Root

hair cells and cortex cells were not colonized, which implies an extracellular

colonization pattern (Glaeser et al. 2016).

At later time points, RrF4 cells were also detected at cell junctions of endoder-

mal cells and in the central cylinder. Inside the central cylinder, bacteria were also

seen in the intercellular spaces while intracellular colonization was not unambig-

uously detectable. This finding is crucial insofar as colonization of the inner part of

the root beyond the endodermis has not been observed with RrF4’s fungal host

P. indica (Deshmukh et al. 2006; Jacobs et al. 2011). However, RrF4 cells seem not

to spread systemically into the upper plant tissue, as bacteria could not be detected

in stems and leaves, neither by cultivation nor by qPCR detection.

Fig. 15.2 Colonization of barley primary roots by RrF4 analyzed by scanning electron micros-

copy. (a, b) RrF4 at the root hair zone. (c) RrF4 cell aggregates at the root tip. Bacterial cells are

cross-linked by fiber-like structures
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15.7 Cell Death Associated Colonization Strategies

In Arabidopsis roots, P. indica consecutively exhibits a biotrophic and a cell death-
associated colonization strategy (Deshmukh et al. 2006). In the latter stage, the

fungus invades root cells by inducing an endoplasmic reticulum (ER) stress-

triggered caspase-dependent cell death (Qiang et al. 2012b). In contrast, RrF4
cells were detected in the extracellular space, especially in the cortically tissue,

without evidence for an induced cell death stage. However, GUS-tagged RrF4
bacteria also colonized dead rhizodermis cells as evidenced by light microscopy

and TEM analysis (Glaeser et al. 2016). We speculate that single bacteria may have

invaded such dead plant cells using cell-derived compounds as carbon sources for

further propagation. Dead plant cells are a specific ecological niche where bacteria

can get nutrients and can propagate in a protected environment. Whether the

heavily colonized plant cells may have a further function for the interaction of

RrF4 with the plant is not known and hard to speculate.

15.8 RrF4 Has an Operable Quorum Sensing System

In plant bioassays, RrF4 showed beneficial activities, such as growth-promoting

activity and induced resistance, widely comparable to those exerted by its fungal

host P. indica on a broad range of plants (Glaeser et al. 2016). Further genetic

analysis, including Arabidopsis mutants defective for various defense pathways,

confirmed that RrF4, like P. indica, mediates systemic resistance via the jasmonate-

dependent ISR pathway (Glaeser et al. 2016).

In order to find bacterial metabolites that could mediate those beneficial activ-

ities, we conducted a chemical analysis of RrF4-produced N-acyl-homoserine

lactones (AHLs). Apart from its well-known function in bacterial communication,

AHLs with acyl chains of C12 and C14 have strong resistance-inducing activity in

mono- and dicotyledonous plants against a broad spectrum of microbial pathogens

such as fungi and bacteria, while shorter chained AHLs possess morphogenic

activity (Schikora et al. 2011; Schenk et al. 2014). Interestingly, our analysis

revealed that RrF4 produces AHLs preferably with acyl chains of C8, C10, and

C12 as well as hydroxyl- or oxo-substitutions at the C3 position in liquid culture

(Li 2011). To find genetic evidence for the requirement of AHL to colonize plant

roots, the Hartmann lab produced an RrF4 variant (RrF4NM13) that overexpresses

an AHL cleaving lactonase. Significantly, this AHL-depleted mutant was strongly

compromised for root colonization. Consistent with this, the RrF4-induced sys-

temic resistance to the bacterial pathogen Xanthomonas translucens pv. translucens
(Xtt) is reduced in RrF4NM13-treated wheat compared to plants treated with RrF4,
and growth-promoting activity exerted by RrF4 in Arabidopsis was greatly

abolished with RrF4NM13 (not published).
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15.9 Analysis of the Complex Sebacinalean Transcriptome

In collaboration with the CeBiTec Bielefeld, Germany, we have performed RNA

sequencing-based transcriptome analysis in the tripartite symbiosis using TruSeq©
stranded mRNA library preparation kits (Illumina) with modifications and Illumina

MiSeq and HiSeq 1500 systems. Axenically growing barley seedlings were i.
non-inoculated (control), ii. dip inoculated with P. indica (containing the

endobacterium [tripartite symbiosis]), or iii. dip inoculated with RrF4. Eukaryotic
(barley, P. indica) and prokaryotic (endobacteria, RrF4) cDNA libraries were

prepared using a specifically adapted library preparation pipeline to get the highest

yield of transcripts of all symbiosis partners. Changes in the barley transcriptome

(control vs. P. indica- or RrF4-inoculated roots) being currently investigated to

compare the transcriptional response of barley in the tripartite symbiosis and in the

direct interaction with RrF4 compared to non-inoculated control plants. The

transcriptome of RrF4 (free form isolated from P. indica) and the endobacterium

R. radiobacter will further be determined to understand the biological activity of

R. radiobacter in the direct interaction with barley and in the tripartite symbiosis.

First deep sequencing of eukaryotic and prokaryotic cDNA libaries were successful

for the detection of eukaryotic mRNA transcripts of barley and P. indica. Prokary-
otic mRNA transcripts could be efficiently detected for RrF4-colonizing barley, but
the number of transcripts detected for the endobacterium R. radiobacter in the

tripartite symbiosis was very low because of the high abundance of mitochondrial

transcripts of P. indica. The sequencing success was possible by a stringent

biochemical enrichment of the respective RNA types by the CeBiTec lab. However,

the data also show that a deeper sequencing of the bacterial cDNA libraries is

required as this portion was low, though clearly present in the sample from the

tripartite interaction. That CeBiTec’s RNAseq data are of extraordinary quality also
shows that we could reproduce (and extend) the microarray analysis of Zuccaro

et al. (2011), e.g., by showing that candidate genes of the ISR pathway are induced).

15.10 Summary and Outlook

Recent progress in understanding the potential functions of the endobacterium

R. radiobacter in the tripartite symbiosis has come from investigations of the direct

interaction of the isolated endobacterium with different host plants. Future work

must focus on the understanding of the role of the endobacterium in the natural

habitat, the tripartite symbiosis. This venture is challenging because of the low

numbers of bacterial cells in lab cultures of P. indica. Nevertheless, new sequenc-

ing technologies along with microscopically imaging approaches suggest a critical

role of R. radiobacter for supporting fitness and vegetative propagation of its host

fungus. This is a first step in the elucidation of this fascinating model of the

tripartite Sebacinalean symbiosis where an endophytic fungus harbors an
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endobacterium that seems to be “awake” during fungal root colonization and may

contribute to many of the observed beneficial effects produced on plants.
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Presymbiotic growth and sporal morphology are affected in the arbuscular mycorrhizal fungus

Gigaspora margarita cured of its endobacteria. Cell Microbiol 9:1716–1729

Meyer F, Goesmann A, McHardy AC, Bartels D, Bekel T, Clausen J et al (2003) GenDB--an open

source genome annotation system for prokaryote genomes. Nucleic Acids Res 31:2187–2195

Naumann M, Schüssler A, Bonfante P (2010) The obligate endobacteria of arbuscular mycorrhizal

fungi are ancient heritable components related to the Mollicutes. ISME J 4:862–871

Oberwinkler F, Riess K, Bauer R, Garnica S (2014) Morphology and molecules: the Sebacinales, a
case study. Mycological Progress 13:445–470

Oliver JD (2005) The viable but nonculturable state in bacteria. J Microbiol 43:93–100

Partida-Martinez LP, Hertweck C (2005) Pathogenic fungus harbours endosymbiotic bacteria for

toxin production. Nature 437:884–888
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Chapter 16

Metabolomics-Mediated Characterization

of Endophytic Species in Recalcitrant Tree

Species

Vivek Kumar, Priyanku Teotia, Narnedra Tuteja, Ram Prasad,

Pankaj Goyal, Ajit Varma, Sandeep Bisht, Joginder Singh,

and Manoj Kumar

Abstract The implication for metabolomics is to capture the endophytic microbes

known to promote plant health and overall growth and development. A series of

supportable effects on the number of events are mediated and understood by

metabolic relations. Current developments in omics world have been made with

regard to revealing metabolite release by phyto-microsymbionts, reflecting that

they may produce a series of diverse metabolites. These ingredients have a function

in resistance and race that may also be required for explicit communication with the

plant host. Additionally, a few instances of mutual metabolite manufacturing are

recognized and endophytes can moderate a plant–metabolite combination as well.

This chapter is focused on a metabolomics tool and understanding the metabolic

relations between plants and endophytes. We further discuss the efficient use of

helpful plant–microbe interactions in terms of microbial existence in addition to

scanning bioactive molecules of commercial interest.

16.1 Introduction

Metabolomics is also defined as the “metabolome,” the showcase of the micro level

of chemical substrates and compounds in biological systems, with significant

investigation into conferring precursors of the metabolism (Hollywood et al.
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2006). According to well-established protocols, metabolomics is one of the latest

versions of the “omics” trend and produces significant outcomes that match the

omics of gene, transcript, and protein in decoding the molecular repertoires of flora

and fauna (Patti et al. 2012). For instance, such functional modulations are

performing an incredible role in diverse facets of biological research, from funda-

mental studies to applied biology (Krug et al. 2012; Holmes et al. 2008)

The evolving systems that can be abridged based on the perception of

metabolomics comprise novel opportunities to understand such ecologically per-

sistent signaling molecules. In particular, comparative tools in metabolomics help

the identification of compounds that are regulated, although interactive conditions

that may play a role, such as pheromones, allelochemicals, induced and activated

defenses. Such a method helps to circumvent restrictions of conservative bioassay-

dependent assembly elucidation approaches (Umashankar et al. 2015). Moreover,

the control of metabolomics is not restricted to the assessment of metabolic profiles

of interacting cohorts. Specifically, the connection to other omics techniques assists

in disentangling not only the arrays in questions, but all biosynthetic and genetic

editing required for an environmental response (Rasmussen et al. 2012).

The majority of recalcitrant plants (i.e., Eucalyptes tree spp.) have developed an
array of adaptive mechanisms to tackle the limitations of edaphic resources,

eventually showing a redundancy of vegetative growth. A detailed study of molec-

ular and metabolic feedback to resource scarcity has been developed with a model

(Arabidopsis thaliana) system that has the prime focus of sustainability. Such

important questions need to be addressed using an evolutionary approach of the

biological system in which the genesis of the omic tool is still poorly utilized.

Researchers have a free hand approach in terms of the independence of any tool and

technique, reflecting that metabolomic approaches are not superiorized, but are

rather understood and monitored for the sake of the molecular basis of any systemic

function at the plant level.

Like various other plants, tree species have an array of associations with

endosymbiotic heterotrophic microbes. A significant example is the relationship

between trees such as litchi (Litchi chinensis Sonn.), poplar (Populus), and bacteria,
fungi, mycorrhiza, etc., and this provides an ideal model for studying interactions

between flora and microfauna (Graham and Vance 2000, 2003). To enhance this

promising area of plant–microbiome interaction and symbiont behavior, the devel-

opment of mass spectrometry (MS)-based analysis of tree-fiber composition has led

to the implementation of metabolomics in recalcitrant plants. Technically, the low

digestibility (or degradation rate) of tree cell walls can suppress intake and the

chemical composition of the fibers could be implicated in some neglected tree

breeding programs (Casler et al. 2008). The measurement of in sacco or in vivo

degradation rates of plant material is expensive and not useful for screening

individual plants in a breeding program.

This chapter broadly covers the contemporary implications of metabolomics in

biochemical, genetic, and systemic niches and confers the prevailing limitations of

these new techniques. It elucidates modern expansions in relative metabolomics

and postulates the implication of metabolomics in the biological system of organ-

ismal connections.
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16.2 Endophytic Fungus in the Tree System

Endophytes are integral members of microbiomes, which inherently infect existing

plant tissues without triggering any apparent manifestation of an ailment, and exist

in mutualistic association with plants for at least part of their life cycle (Biswas

et al. 2002; Bacon and White 2000). The term “endophyte” (Greek endon, within;
phyton, plant) was first coined by de Bary (1866). Diverse microorganisms (fungi,

bacteria, actinomycetes) have been postulated as endophytes. The predominant

endophytes in trees are fungi, which co-exist as a defensive wall and help each

other for sustainable adaptation under any natural insults (Staniek et al. 2008).

Various conjectures have been proven in characterizing endophytic fungi, which

have been evinced to have significance for the de novo production of numerous

bioactive metabolites that may traditionally or inarticulately have been used as

therapeutic mediators against numerous diseases (Strobel and Daisy 2003; Strobel

2009; Strobel et al. 2004; Kharwar et al. 2011; Kusari and Spiteller 2011). The

environmental niche of endophytic fungi across the host ranges, evolutionary affin-

ity, contamination, establishment, spread patterns, tissue specificity, and symbiotic

fitness-related support has been understood for a plethora of plants (Fig. 16.1, Arnold

et al. 2003, 2007; Arnold 2005, 2007; Stone et al. 2004; Rodriguez et al. 2009).

Fig. 16.1 Different stages of root colonization by class 2 endophyte Piriformospora indica. CC
Central cylinder, C Cortex, RC Rhizodermal cells (reproduced with permission by Rodriguez et al.

2009)
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16.3 Metabolomic Profiling for the Beneficial Interaction

of Endophytes and Tree Species

Multivariate data mining-based metabolite profiling is a promising approach to

categorizing plant–microbe-related samples, revealing candidate precursors of spe-

cific metabolites in trees. Such powerful technology is designed to verify the

hypothesis that tree plants with and without endophytes have diverse metabolic

tags. The profiling approach ensures that the researchers measure metabolites with a

combination of the existence of microbes and plant metabolites. Microbial popu-

lation densities are usually determined, which ranged from 4 � 106 to

1.2 � 107 CFU g–1 (Christian et al. 2009; Barsch et al. 2006a, b). The

corresponding biomass ratio was 1 g of plant material to 1 � 10–5 g of bacteria

(Christian et al. 2009). Similar data have revealed the contribution of high-

throughput gas chromatography coupled with time-of-flight mass spectrometry

(GC-TOF-MS) (Barsch et al. 2006a) to the abundance of microbial biomass in

plants, and researchers have measured metabolites fully. The main objective of

such a high-throughput metabolomic tool is to track the hidden view of emerging

endophytes, such as their diversity, their significance for plant sustainability, and

their associations with other organisms (Andrea and Paul 2011).

The present omics world also includes studies that identify the genes and pro-

teins potentially engaged in the plant–microbe interaction. Understanding how the

plant–microbe interaction happens allows researchers to ameliorate crop yield and

reduce environmental stresses, possibly creating a tree product.

16.4 Metabolomics: Molecular Repertories

The professed terminology “omics” has been implicated in modern biotechnology,

broadly aimed at living systems, and plays a significant role in molecular reper-

toires in numerous ways. Automated methods for analyzing these groups to obtain

precise biological information are promising tools that have developed enormously

and have enabled the characterization of approaches to larger sets of metabolites.

The primary tools considered for this task in metabolomics have recently been

reported (Monica and Florencio 2012).

16.5 Metabolomics in the Biochemical Niche of Trees

Tree systems are highly complex systems that need to be understood and analyzed

at all levels of intricacy and about which researchers are still beginning to learn.

Different molecular levels of proteins and metabolites and their interactions, such
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as gene expression and their underlying pools of biochemistry and physiology, may

be noted to constitute a “genotype–phenotype” link (Weckwerth 2003).

Chemical-based study of the environment reveals the natural significance of

such products that are known as intermediaries of intra- and inter-organismal

interactions. The evolving technologies can be included under the metabolomics

thumbprint, which comprises new gateways for exploring these environmentally

coherent signaling molecules in tree systems (Constanze and Georg 2015). The

specific comparative tools in metabolomics enable the characterization of sub-

strates that are controlled during interlinked mechanisms and that may play a role

in either induced or activated defenses. Such an approach enables researchers to

overcome problems of the old-fashioned assay-based emphasis on bio-structure. A

remarkable strength of metabolomics is that it has been proven to be a promising

tool for the comparison of metabolic profiles of interacting substrates. In particular,

the link to other omics techniques helps to reveal not only the compounds in

question, but the entire biosynthetic and genetic re-wiring required for an ecolog-

ical response.

In Fig. 16.2 a central strategy is understood at a metabolic level; at the threshold

level a semi-quantitative postulation recognizes numerous metabolites, possibly

from trees species, in a completely unbiased manner. Reference libraries are

constituted based on the tools available, including tree biochemical input and

qualitative feedback from innovative phases. Similarly, current libraries are con-

stantly being rationalized with novel substrates from natural tree products or cell

wall polymers.

16.6 Conclusion

Until now, the emphasis on metabolomics has been limited. This chapter takes into

account future prospects based on existing data. Authors have highlighted the

superiority of such soft tools that reveal the tertiary information at a metagenomics

Metabolomic Design

Full length biochemical estimation GC-MS/MRM Estimation

Invention Recognized metabolites

Metabolite: libraries based on diverse 

Fig. 16.2 Metabolomic networking system
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level. Discussion at the metabolite level is linked to the recognized endophytes and

their inherent combination with the plant system. Additionally, potential factors are

discussed that elucidate the plant–microbe interaction, also describing the screening

approaches of bio-active compounds in which metabolomics is prioritized.
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Chapter 17

Analytical Techniques to Assess Medicinal

Plants Value Addition After Microbial

Associations

Priyanka Sharma, Hemesh Joshi, MZ Abdin, Amit C Kharkwal,

and Ajit Varma

Abstract In the high-throughput era of science, technologies like high-

performance liquid chromatography (HPLC) are growing in importance for their

accurate and precise analysis of chemicals and drugs of diverse nature. It is used

widely in the pharmaceutical, medicinal, and aromatic plant industry for the

isolation and purification of phytomolecules of therapeutic and commercial interest.

Due to the gradual increase in the demand for phytochemicals in food and phar-

maceutical industries, the importance of process-scale HPLC as a purification tool

has been increasing. The most challenging and thrilling field of recent scientific

research is the in vitro production of plant secondary metabolites. Therefore, in

order to supply required phytochemicals, the in vitro protocol for the establishment

of plant culture and production of phytochemicals has to be carefully monitored. In

this chapter, the HPLC analysis of secondary metabolite content of an important

medicinal plant Aloe vera L. has been performed under unstressed and salt-stressed

environment. The secondary metabolite content has also been compared upon

inoculation of A. vera with a symbiotic endophytic fungus Piriformospora indica.

17.1 Introduction

Chromatographic techniques are indispensable in ensuring adequate quality in

medicinal plants and their preparations. The most widely used techniques are

thin-layer (TLC), gas (GC), and high-performance liquid chromatography

P. Sharma • H. Joshi • A.C. Kharkwal (*) • A. Varma

Amity Institute of Microbial Technology, Amity University Uttar Pradesh, Block E-3,

4th Floor, Sector 125, Noida 201303, India

e-mail: ackharkwal@amity.edu

M.Z. Abdin

JamiaHamdard University, Hamdard Nagar, New Delhi 110062, India

© Springer International Publishing AG 2017

A. Varma, A.K. Sharma (eds.), Modern Tools and Techniques to Understand
Microbes, DOI 10.1007/978-3-319-49197-4_17

259

mailto:ackharkwal@amity.edu


(HPLC), although newer methods, including droplet countercurrent (DCCC) and

supercritical fluid (SCFC) chromatography as well as capillary electrophoresis

(CE), are finding increased use. The chromatographic methods can be used quali-

tatively to authenticate the plant or its extracts by producing “fingerprint” chro-

matograms or “chromatographic profiles.” For performing quantitative analysis of

plant extracts, HPLC and GC are particularly used. TLC can also be used in

combination with spectrophotometric techniques to perform the analysis part (Fos-

ter 2001).

17.2 High-Performance Liquid Chromatography

HPLC is a versatile, robust, and widely used technique for the isolation of natural

products (Cannell 1998). It is gaining popularity in fingerprint study, for the quality

control of herbal plants (Fan et al. 2006). The plant extract usually contains

biologically active entity as a minor component. Thus, the resolving power of

HPLC is ideally suited to rapid processing of such multicomponent samples on

both analytical and preparative scales. Sakakibara et al. (2003) claimed to have

found a method capable of quantifying all possible polyphenols in vegetables,

fruits, and aromatic beverages including tea. HPLC provides various features, i.e.,

high resolving power, fast separation, continuous monitoring of column effluent,

qualitative and quantitative measurements, isolation, automation of analytical pro-

cedures, and data handling. In the pharmaceuticals companies, HPLC is gathering

more popularity as a good purification tool. However, the baseline separation using

HPLC normally requires complex solvent gradient programs and long analysis

times. In addition, unequivocal identification of flavonoids, one of the largest

widespread plant secondary metabolite classes, which have similar UV spectra

and elution times, cannot be guaranteed. Furthermore, UV detection is unable to

consummate the phytochemical task, since lots of plant constituents have no

chromophoric groups (Bertoli et al. 2010). The chromatographic separation can

remove impurities of different polarities and can reduce the content of an enantio-

mer in a racemic mixture. In both of these instances, crystallization may be used to

prepare the pure product (Gupta and Shanker 2008).

17.3 Chromatography Classification

On the basis of mechanism of separation, chromatography can be classified as

adsorption, partition, ion exchange, size exclusion, and affinity chromatography. In
HPLC, separation is mainly governed by adsorption and partition. In adsorption

chromatography, separation is based on the difference between the adsorption

affinities of the sample components on the surface of an active site, whereas in
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partition chromatography, separation is mainly based on the difference between the

solubility of sample components in the stationary phase and the mobile phase.

The identification and separation of phytochemicals can be performed using

either isocratic system or gradient elution system. The isocratic system uses single

mobile phase system, and the composition of the mobile phase remains constant

during the elution process. Gradient elution system uses combination of mobile

phase systems where the composition of mobile phase changes continuously or

stepwise during the elution process. HPLC can also be classified as reverse phase

and normal phase chromatography. In reverse phase chromatography, the mobile

phase is significantly more polar than stationary phase. Most biomedical substances

are separated by reverse phase chromatography using aqueous mixture with meth-

anol, acetonitrile, and additives (buffers, ion pairs). On the other hand, stationary

phase is more polar than mobile phase in normal phase chromatography (Gupta and

Shanker 2008). Lipophilic substances like oils, fats, and lipids are separated by

normal phase chromatography. Commonly used mobile solvents are n-hexane,
heptane, chloroform, and alcohols.

17.4 Theoretical Aspects of HPLC

Chemical separations can be accomplished using HPLC by utilizing the fact that

certain compounds have different migration rates given a particular column and

mobile phase. The choice of stationary phase and mobile phase determines the

extent or degree of separation. Separation of chemical compounds is carried out by

percolation of mobile phase, containing mixture of the components, under gravity

through a glass column filled with a finely divided stationary phase. The physical

and chemical forces acting between the solute and two phases are responsible for

the retention on the chromatographic column. Differences in the magnitude of

forces result in the resolution and hence separation of the components (Gupta and

Shanker 2008).

Purification of the compound of interest using HPLC is the process of separating

or extracting the target compound from other compounds that are structurally

similar or contaminants. Each compound should have a characteristic peak under

certain chromatographic conditions. Depending on the compound to be separated

and how closely related the samples are, conditions such as the proper mobile

phase, flow rate, suitable detectors, and columns may be selected to get an optimum

separation of the required compound.
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17.5 Components of HPLC

An HPLC instrument comprises a solvent delivery pump, a sample introduction

device such as an autosampler or a manual injection valve, an analytical column, a

guard column, a detector, and a recorder or a printer. The reversed phase columns

may be considered the most popular columns used in the analytical separation of

plant secondary metabolites, even if new stationary phases have been exploited

(Tanaka et al. 2002, 2004). In order to identify any compound by HPLC, a detector

must first be selected. Efficiency of the harvesting procedure as well as the accuracy

of separation methods relies on the sensitivity of the detector. HPLC system

equipped with an autosampler provides a powerful tool to analyze various samples.

Once the detector is selected and is set to optimal detection settings, a separation

assay must be developed. The parameters of this assay should be such that a clean

peak of the known sample is observed from the chromatograph. The identifying

peak should have a reasonable retention time and should be well separated from

extraneous peaks at the detection levels at which the assay will be performed. UV

detectors are popular among all the detectors because they offer high sensitivity

(Li et al. 2004) and also because majority of naturally occurring compounds

encountered have some UV absorbance at low wavelengths (190–210 nm) (Cannell

1998). Besides UV, other detection methods are also being employed to detect

phytochemicals, among which one is the diode array detector (DAD) coupled with

mass spectrometer (MS) (Tsao and Deng 2004). Photodiode array detector is

generally coupled with HPLC system as it allows to collect spectra in the

established wavelength range and to define the spectral homogeneity (purity) of

the analytes. This system is one of the most versatile tool in the screening of

metabolic profiles of plant extracts (Bertoli et al. 2010).

17.6 Sample Preparation

Processing of the crude material to provide a sample suitable for HPLC analysis as

well as the choice of solvent for sample reconstitution can have a significant bearing

on the overall success of natural product isolation and identification. The source

material, e.g., dried powdered plant, will initially need to be treated to ensure that

the compound of interest is efficiently liberated into a solution. In the case of dried

plant material, an organic solvent (e.g., methanol, chloroform) may be used as the

initial extractant and following a period of maceration, solid material is then

removed by decanting off the extract by filtration. The filtrate is then concentrated

and injected into HPLC for separation. The usage of guard columns is necessary in

the analysis of crude extract. Many natural product materials contain significant

level of strongly binding components, such as chlorophyll and other endogenous

materials that may in the long term compromise the performance of analytical
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columns. Therefore, the guard columns will significantly protect the life span of the

analytical columns (Gupta and Shanker 2008).

The most challenging and thrilling field of recent scientific researches is the

in vitro production of plant secondary metabolites. There has been a steady rise in

the demand for phytochemicals in food and pharmaceutical industries (Bertoli et al.

2010). Therefore, in order to supply required phytochemicals, the in vitro protocol

for the establishment of plant culture and production of phytochemical has to be

carefully monitored. In this chapter, the HPLC analysis of secondary metabolite

content of an important medicinal plant Aloe vera L. has been explained under

unstressed and salt-stressed environment. The secondary metabolite content has

also been compared upon inoculation of A. vera with a symbiotic endophytic

fungus Piriformospora indica.

17.7 Phycobiont: Aloe vera L.

For thousands of years, plants have been used as an important source of medicine in

pharmaceutical biology. As per WHO estimates, even today, up to 80 % of

population still rely on traditional medicines (Yates 2002). Diverse pharmacolog-

ical activities of medicinal plants have been accredited to phenolic acids and

phytochemicals by HPLC, for instance, gallic acid with inflammatory and

antibacterial (Kroes et al. 1992; Binutu and Cordell 2000), caffeic acid with anti-

inflammatory (Fernandez et al. 1998), ferulic acid with anti-inflammatory and

antifungal (Mehrotra 1997), and tannic acid with antioxidant and astringent prop-

erty (Martha et al. 1983; Khan et al. 2000).

The genus Aloe is a perennial, succulent xerophyte grown in temperate and

subtropical parts of the world. Aloe vera is cultivated in large quantities because of

its high demand in industrial, cosmetics, and pharmaceutical sector. A. vera is

mostly propagated vegetatively in its natural state, but due to male sterility and

low propagation rate, its commercial production and high industry demand are not

being met (Natali et al. 1990; Abdi et al. 2013). To catch up with the demand,

micropropagation approach for rapid production of this plant has gained importance

(Meyer and Staden 1991; Abadi and Kaviani 2010; Marfori and Malasa 2005;

Pandhair et al. 2011; Natali et al. 1990; Roy and Sarkar 1991; Abrie and Staden

2001; Corneanu et al. 1994).

The pharmacological actions of Aloe vera include anti-inflammatory, anti-

arthritic, antibacterial activity, hypoglycaemic effects, and burn healing properties

(Choi and Chung 2003). Aloe leaf consists of two parts, each of which produces

different substances that have completely different composition and therapeutic

properties (Fig. 17.1). The inner parenchymal tissues form a clear, thin, tasteless,

jellylike material, called Aloe gel which is used as a moisturizing agent and for the

treatment of minor burns, skin abrasions, and irritations (Tarro 1993; Krinsky et al.

2003). The outer pericyclic tubules, occurring just beneath the outer green rind or

cutinized epidermis of the leaves, produce bitter yellow exudate, an anthraquinone
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that has powerful laxative properties (Vogler and Ernst 1999; Wynn 2005). The

presence of aloin, aloe-emodin, and related compounds makes it bitter (Joseph and

Raj 2010).

17.8 Mycobiont: Piriformospora indica

P. indica is an endophytic fungus of the Sebacinaceae family (Weiß et al. 2004;

Verma et al. 1998). It is easily cultivable axenically and colonizes the roots of a

wide variety of plant species, in a manner similar to Arbuscular Mycorrhizal

(AM) fungi (Varma et al. 1999). The fungus has shown to alter the secondary

metabolite content of many plants of medicinal and economic importance. P. indica

(a)

(b)

Yellow brown 
exudate

(e)(c)

(f)(d)
Aloin

Fig. 17.1 The picture depicts extraction of Aloe gel and anthraquinone “aloin.” (a) Six-month-old

Aloe vera plant (b) leaf detached with the help of scalpel. Aloe leaf contains two main constituents:

(c) the yellow brown sap exudating from the cut portion and (d) upon freeze-drying forms a dark
brown powder, called aloin, one of the secondary metabolite of Aloe vera. Secondly, (e, f) the Aloe
gel, an important constituent of most of the cosmetic products and therapeutics (Sharma et al.

2014b)
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facilitates nutrient uptake in both monocot and dicot plants. It enhances the growth

and overall biomass (Yadav et al. 2010; Varma et al. 2000), induces early flowering

(Das et al. 2012a), increases resistance against a number of pathogens, and allows

the plant to survive under stressed environment (Das et al. 2012b; Harman 2011).

Various factors responsible for plant growth stimulation have also been determined

using HPLC.

One g aliquot of freshly harvested P. indica was washed with sterile distilled

water and subsequently treated with 5 ml of 80 % aqueous methanol. The solution

was centrifuged at 6000 g for 15 min, and the supernatant was used as sample for

HPLC analysis. The analysis showed seven peaks in the hyphal extract and one

main peak in the culture filtrate. A major peak in the preparative HPLC analysis of

hyphal extract and culture filtrate was identified as benzoic acid. The function of

this compound is not yet clear. However, compounds identical to benzoic acid and

its analogues (benzoic acid, a-hydroxybenzoic acid, 3-4 di-hydroxybenzoic acid,

vanillic acid, cinnamic acid, p-coumaric acid, caffeic acid, ferulic acid) did not

show any stimulation on the plants tested (Varma et al. 2001). The same method as

described above was used to A cyclohexomone derivative (blumenin) which is

accumulated in roots of cereals, and other members of Poaceae colonized by

arbuscular mycorrhizal fungi (Maier et al. 1995; Fester et al. 1998) were detected.

The exact function of cyclohexomones’ accumulation is not yet known. It is

speculated that these secondary compounds might be involved in the regulation

of mycorrhizal colonization (Fester et al. 1998). HPLC analysis of methanolic

extracts from 6-week-old plant roots (barley, maize, and foxtail millet Setaria
italica), treated and non-treated with P.indica, showed quantitative but

nonqualitative changes. There were no changes recorded in case of rice and

wheat. The UV spectra obtained from HPLC photodiode array detector showed a

cluster of peaks between 7.5 and 12.5 min of retention time for extracts from maize,

barely, rice, and foxtail millet co-inoculated with P. indica, indicating the presence
of indole derivatives, e.g., tryptophan, tryosine, and tyramine or their derivatives

(unpublished results). Root extracts of maize showed the presence of cyclic

hydroxamine acids like DIMBOA (2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-

one) in wheat but not in rice, barley, and Setaria. HPLC analysis of methanolic

extracts of infected maize roots showed eight different peaks with a photodiode

array detector with typical UV spectra of benzoxazinone derivatives. The chemical

structure of these compounds needs to be identified.

17.9 Assessment of Plant Secondary Metabolite

Anthraquinone derivatives and polysaccharides in Aloe vera gel have various

therapeutic properties and are used for wound healing, radiation damage repair,

etc. (Ammar et al. 2010). Aloin, one of the major anthraquinone derivative and

secondary metabolite in the leaf of A. vera, was quantified using HPLC.
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Sample Preparation for HPLC

Sample extraction protocol of Kispotta et al. (2012) was followed. Fresh leaves of

A. vera plantlets were harvested and cuts were made on the leaf. The brown exudate

from the leaf was collected. It was freeze--dried and extracted with ethanol for 1 h

at 50 �C using sonicator and centrifuged at 3000 g for 10 min. The supernatant was

further filtered using 22 μm filter.

Standard Curve

Different concentrations of standard of Aloin, ranging from 0.1–0.6 mg/ml, were

taken in triplicates. These stock solutions were stored at �20 �C. Calibration curve

was obtained by plotting the peak area against concentrations of standard solution,

and they showed linear relationship.

Detection and Quantification of Aloin

The aloin content was determined by HPLC analysis using Waters system, which

consisted of dual wavelength UV absorbance detector (Waters 2487), binary HPLC

pump (Waters 1525), and Waters temperature control system. The separation was

carried out on a C18 column. Analysis was performed at a flow rate of 1 ml/min.

Two different mobile phase systems consisting of TFA in MQ water and HPLC

grade methanol were used and gradient system was followed (Kispotta et al. 2012).

The filtrate obtained was subjected to HPLC analysis (injection volume—20 μl).
The monitoring was done at wavelength of 293 nm.

HPLC Validation

The precision and accuracy of the method were performed through within-day and

between-day run validations. The within-day precision and accuracy were deter-

mined for each standard on three concentrations with five replicates on a single day.

Phenolic compound was identified by comparing the retention time with that of

standard compound. Quantity of aloin produced was calculated based on the area of

sample peak, concentration, and peak area of standard.

17.10 Effect of P. indica Inoculation on Aloin Content

of A. vera Plantlets

The A. vera plantlets were cocultivated with the fungus P. indica in vitro by the

protocol given by Sharma and colleagues (2014a). Aloin content in P. indica
inoculated (Treated) and non-inoculated (Control) A. vera plantlets was compared,

and it was found to be 1.28 � 0.057 (mean � SE) mg aloin/g of leaf exudate for

P. indica inoculated plantlets and 0.844 � 0.01 for the non-inoculated ones,

marking an overall increase of 52.53 % (Fig. 17.2). Each dataset represents an

average of six replicates.
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17.11 Effect of Salt Treatment on Aloin Content

of P. indica Inoculated and Non-inoculated Plantlets

Aloin content of P. indica inoculated and non-inoculated A. vera plantlets was also

determined after giving 2 months of salt stress. Two levels of fungal inoculation

(non-inoculated plantlets and plantlets inoculated with P. indica) and four levels of
salt (0, 100, 200, and 300 mM NaCl) were the treatments (2 � 4 ¼ 8).

The aloin content as determined byHPLCwas found to be 2.67� 0.25mg aloin/g

of leaf exudate for P. indica inoculated plantlets and 2.43 � 0.3 for the

non-inoculated ones, marking an increase of 9.87 %, which is nonsignificant at

P< 0.05. The aloin content increased with increase in salt stress. Aloin content in the

treated plantlets increased between 43.8 % and 27.32 % with increase in salt stress

from 100 mM to 200 mM, respectively. At 300 mM, the inoculated plantlets had

Fig. 17.2 Effect of

P. indica on aloin content of
Aloe vera plantlets: (a)

standard aloin, (b) control

plants, and (c) plants treated

with P. indica
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5.73 � 0.35, in comparison with 4.8 � 0.3 of non-inoculated plantlets, which was

51.9 % higher (Fig. 17.3). Each dataset represents an average of three replicates.

17.12 Conclusion

Chromatograms of plant extracts are used as fingerprints and compared with

standard compounds in order to identify the plant material and its constituents.

HPLC is thus one of the best suited technique for an efficient separation of the crude

plant extracts. Its significance will continue to grow because of the increasing

requirements for high-purity molecules.

Statistical Analysis

One-way ANOVA with Dunnett’s posttest was performed using GraphPad Prism

version 5.00 for Windows, GraphPad Software, San Diego, California, USA, www.

graphpad.com. Where applicable, the results were expressed as mean � standard

error (SE).
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Chapter 18

Omics: Tools for Assessing Environmental

Microbial Diversity and Composition

Manoj Kumar, Neeraj Shrivastava, Priyanku Teotia, Pankaj Goyal,

Ajit Varma, Shivesh Sharma, Narendra Tuteja, and Vivek Kumar

Abstract Conventional culture-based techniques are imperative in investigating

the microbial ecology of natural and anthropogenically impacted environments, but

they are tremendously prejudiced and unfair in their evaluation of microbial genetic

assortment by selecting a specific inhabitant of microbes. Due to current progresses

in genomics and sequencing methodologies, microbial community studies using

culture nondependent molecular procedures have begun a new epoch of microbial

ecology. Molecular studies of ecological communities have discovered that culti-

vable microbial segment represents <1 % of whole number of prokaryotic species

existing in any sample. Various molecular approaches based on direct isolation and

analysis of genetic material, proteins, and lipids from ecological samples have been

discovered and shown the structural and functional information about microbial

groups. Novel molecular tactics such as genetic fingerprinting, metagenomics,

metaproteomics, metatranscriptomics, and proteogenomics are imperative and

essential for determining and describing the huge microbial variety along with

understanding of their synergistic behavior with biotic and abiotic ecological

factors. This chapter recapitulates the latest development in molecular microbial

ecology area paying attention to new methods and tactics that suggest novel

understandings into phylogenetic, practical, and functional assortment of microbial

assemblages. The benefits and drawbacks of normally employed molecular tech-

niques to investigate microbial structures are also discussed along with probable

applications of novel molecular approaches and how they can provide a outlook on

developing technologies for environmental microbial community profiling.
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18.1 Introduction

Soil microbial characteristics are being assessed progressively and precisely as a

delicate and complex indicator of soil health because of relationships between

microbiome, soil and plant quality, and environment sustainability (Barberan

et al. 2012). Understanding of microbial characteristics such as biomass, activity,

communication, and diversity is significant to scientists in advancing information

and data contributing to overall soil health. Analysis of these results might be

valuable to farmers, scientists, and extension personnel in planning and developing

practical measures of soil quality. Soil microbial characteristic studies have been

frequently conducted at the process level, where biomass, respiration rates, quorum

sensing, and enzyme activities have been studied with reference to organism- or

community-level responses to the changes in soil properties. Though these process-

level studies provide an imperative knowledge of all microbial processes and their

possible role in soil health. Studies also tell us something about qualitative

community-level changes because any given microbial process may be carried

out by dissimilar taxa. Additionally, these process-level measurements are limited

in their ability to define a specific microbial ecosystem (Myrold et al. 2013).

Society-level microbial synergism is multifaceted and intricate, with discrete

species relying on the occurrence, role, communication, and interaction with

numerous other species. Consequently, measurable and qualitative changes in the

configuration and arrangement of soil microbial communities may serve as signif-

icant and delicate indicators of both short- and long-term changes in soil health. The

investigation of soil microbial structure should involve not only determination of

microbial biomass and diversity but also evaluation of microbial growth, distribu-

tion, function, and the nature of communication among various species (Cong et al.

2015).

The long-lasting challenges in soil microbial ecology have been the develop-

ment of applicable methods to (a) conclude and establish which microorganisms are

present in soil and (b) and to determine microbial function in situ. These challenges

have been aggravated by the problems and hitches of microbial separation from the

soil matrix and from plant part, the morphological similarities among many

microbes found in soils, and changing microbial taxonomies. Additionally, the

small size of soil microbial communities has made direct picturing more problem-

atic than with macro-organisms (Faust et al. 2015).

Over the past ten years, the approach to know and identify the soil microbial

structure and their relationship has changed vividly. Plentiful novel techniques and

methods are now accessible, which allow soil microbiologists to get access to more

of the microorganisms residing in soil and allowing for better assessments of

microbial diversity. In this chapter, we concisely consider some of the vital

approaches for studying soil microbial structures. Our aim is to discuss the novel

culture-independent or omics techniques in perception with the conventional

culture-based methods for evaluating microbial assortment.
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18.2 Reasons for Studying Microbial Diversity

Within natural microbial populations, a large amount of genetic information is

“waiting” to be discovered. It has been recorded that culturable bacteria represent a

minor fraction of the total bacterial population present (Fakruddin and Mannan

2013). However, it is important to continue the work on both the culturable and the

nonculturable bacteria from different environments. Diversity studies are also

important for comparison between samples. Another essential reason for studying

the microbial diversity is the lack of sufficient knowledge about the existing and

extinct microorganisms. There is no agreement among scientists that how many

species exist in the world, the potential usefulness of most of them, or the rate at

which they are disappearing or emerging. The capability of an ecosystem to resist

severe perturbations or stress conditions can partly be dependent on the diversity

within the system, and therefore, diversity analyses are vital and important in order

to:

• Upsurge the knowledge of the diversity of genetic resources and comprehend the

microorganism’s distribution.
• Upsurge the knowledge of the practical and operative role of diversity.

• Categorize and detect differences in diversity associated with management

disturbing.

• Recognize and identify the biodiversity regulation and management.

• Know the biodiversity importance and consequences.

18.3 Factors Governing Microbial Diversity

In a bacterial community, numerous different organisms will achieve same pro-

cesses and perhaps be present in same niches (Delmont et al. 2015). Main dynamics

that influences microbial diversity could be classified into two major groups, i.e.,

abiotic and biotic factors. Abiotic factors include both physical and chemical or

physicochemical factors such as availability of water, oxic/anoxic conditions,

salinity, pressure, temperature, pH, organic pollutants, heavy metals, chemical

fertilizers, pesticides, allelopathy factors, antibiotics, etc. (Allen and Banfield

2005). Generally, all environmental variations affect in dissimilar ways and to

diverse degrees, resulting in a swing in diversity profile. Biotic factors include

other live microbes, plasmids, phages, cell-free nucleic acids and proteins, trans-

posons that are types of accessory DNA that influence the genetic properties, and in

most cases, the phenotypes of their host and therefore have a huge impact on

microbial diversity (Zhao et al. 2012). Furthermore, several protozoa do influence

the microbial diversity, as they feed on them (Rønn et al. 2002; Paisie et al. 2014).
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18.4 Culture Techniques in Eco-microbiology:

Applications and Restraints

The standard culture techniques to enrich, isolate, and characterize the microbial

community are by employing commonly used growth media such as Nutrient Agar,

Luria-Bertani medium, Potato Dextrose Agar, and Tryptic Soy Agar (Kumar 2011).

The chief restraint of conventional culture-based methods is that more than 99 % of

the microbes in any soil ecosystem observed through a microscope are not cultiva-

ble by standard culturing techniques (Hugenholtz 2002). Several improved culti-

vation procedures and culture media have been devised that mimic natural

environments in terms of nutrients (composition and concentration), oxygen gradi-

ent, pH, etc., to maximize the cultivable fraction of microbial communities. In this

regard, a technique has been devised for culturing the uncultured microorganisms

from diverse environments including deep seawater, marine sediments, and

unexplored soil environment that involved encapsulation of cells in gel micro-

droplets for large-scale microbial cultivation under low nutrient flux conditions

(Zengler et al. 2005). Nonetheless, not all “uncultured” organisms are cultivable,

and many of them remain “unculturable.” These organisms, although viable in their

natural environments, do not grow under laboratory conditions and remain in a

“viable but nonculturable” (VBNC) stage (Vieira and Nahas 2005). Such VBNC

organisms could represent completely novel groups and may be abundant or very

active but remain untapped by standard culture methods.

Molecular microbial surveys based on 16S rRNA genes reveal that candidate

bacterial divisions such as BRC1, OP10, OP11, SC3, TM7, WS2, and WS3 have no

cultured representatives and are known only by their molecular sequences (Schloss

and Handelsman 2004). These division-level clades, such as OP11, are highly

diverse and widely distributed in different environments and are considered as

“candidate divisions” to reflect our limited knowledge due to the lack of any

cultured representative. Studies suggest the existence of at least 50 bacterial

phyla with half represented entirely by molecular sequences (Kumar et al. 2016).

Additionally, microorganisms retrieved using common culture methods are rarely

numerically abundant or functionally significant in the environment from which

they were cultured. These cultured microorganisms are considered as the “weeds”

of the microbial world and constitute <1 % of all microbial species (Streit and

Schmitz 2004). For example, most of the isolates cultured from soil samples belong

to one of four phyla (the “big four”), Proteobacteria, Firmicutes, Bacteroidetes, and

Actinobacteria, primarily due to their ease of cultivation under laboratory condi-

tions. Although Acidobacteria constitutes on average 20 % of soil bacterial com-

munities, these organisms are difficult to culture and are represented by few genera

(Schloss and Handelsman 2004). These findings suggest that molecular techniques

that circumvent the need for isolation and cultivation are highly desirable for

in-depth characterization of environmental microbial communities.
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18.5 Omics Technology

Metagenomics is the investigation of collective microbial genomes retrieved

directly from environmental samples and does not rely on cultivation or prior

knowledge of the microbial communities (Riesenfeld et al. 2004). Metagenomics

is also known by other names such as environmental genomics or community

genomics, or microbial ecogenomics. Essentially, metagenomics does not include

methods that interrogate only PCR-amplified selected genes (e.g., genetic finger-

printing techniques) as they do not provide information on genetic diversity beyond

the genes that are being amplified. In principle, metagenomic techniques are based

on the concept that the entire genetic composition of environmental microbial

communities could be sequenced and analyzed in the same way as sequencing a

whole genome of a pure bacterial culture as discussed in the preceding section.

Metagenomic investigations have been conducted in several environments such as

soil, the phyllosphere, the ocean, and acid mine drainage and have provided access

to phylogenetic and functional diversity of uncultured microorganisms (Rastogi

et al. 2010). Thus, metagenomics is crucial for understanding the biochemical roles

of uncultured microorganisms and their interaction with other biotic and abiotic

factors. Environmental metagenomic libraries have proved to be great resources for

new microbial enzymes and antibiotics with potential applications in biotechnol-

ogy, medicine, and industry (Riesenfeld et al. 2004; Singh et al. 2009).

Metagenomic library construction involves the following steps: (1) isolation of

total DNA from an environmental sample, (2) shotgun cloning of random DNA

fragments into a suitable vector, and (3) transforming the clones into a host

bacterium and screening for positive clones. Metagenomic libraries containing

small DNA fragments in the range of 2–3 kb provide better coverage of the

metagenome of an environment than those with larger fragments. It has been

estimated that to retrieve the genomes from rare members of microbial communi-

ties at least 1011 genomic clones would be required (Smith and Osborn 2009).

Small-insert DNA libraries are also useful to screen for phenotypes that are encoded

by single genes and for reconstructing the metagenomes for genotypic analysis.

Large-fragment metagenomic libraries (100–200 kb) are desirable while investi-

gating multigene biochemical pathways. Metagenomic libraries could be screened

either by sequence-driven metagenomic analysis that involves massive high-

throughput sequencing or by functional screening of expressed phenotypes.

Sequence-driven massive whole-genome metagenomic sequencing sheds light on

many important genomic features such as redundancy of functions in a community,

genomic organizations, and traits that are acquired from distinctly related taxa

through horizontal gene transfers (Koonin et al. 2001; Werner 2014).

In function-driven metagenomic analysis (functional metagenomics), libraries

are screened based on the expression of a selected phenotype on a specific medium

(Fig. 18.1). A wide variety of biochemical activities have been discovered in

environmental metagenomic libraries. For example, novel antibiotics (e.g.,

turbomycin, terragine), microbial enzymes (e.g., cellulases, lipases, amylases),
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and proteins (e.g., antiporters) have been identified in soil metagenomic libraries

(Rondon et al. 2000; Bergmann et al. 2014). Function-driven metagenomic

approaches require successful expression of a desired gene in a heterologous host

such as E. coli. Thus, a major limitation is very low level or no expression of the

majority of environmental genes in E. coli. In some cases, improved gene expres-

sion can be achieved by transforming metagenomic DNA into several additional

surrogate hosts such as Bacillus, Streptomyces, Pseudomonas, and Agrobacterium
(Fig. 18.1). Strategies that can enhance heterologous expression of unknown genes

in host cells are highly desirable. For example, genetically engineered E. coli that
can support the translation and transcription of a wide diversity of genes or cloning

vectors with strong promoters that can provide additional transcription factors will

be highly desirable. In a metagenomic library, the frequency of active gene clones

expressing a phenotype is typically very low. For example, in an environmental

metagenomic library established from soil, only one in 730,000 clones showed

lipolytic activity (Henne et al. 2000). The DNA and inferred protein sequence of a

novel lipolytic clone exhibited only a moderate identity (<50 %) with known

lipases, indicating that it could be from an uncultured organism. Low occurrence

of actively expressing clones in metagenomics libraries necessitates improved

high-throughput screening and detection assays (Pearson 2013). Keeping the

above facts in mind, Fig. 18.1 describes the isolation of DNA from soil samples,

library construction, cloning, mining, and their potential application in

biotechnology.

18.6 Proteogenomics

In metaproteomics, protein sequences could be identified with confidence only if

they have significant homology to existing proteins in available databases. How-

ever, in most of the environmental proteomic surveys, proteins are only distantly

related to known database sequences. Therefore, it appears that the majority of short

protein sequences retrieved from metaproteomes will remain unidentified and

cannot be assigned to their functional and phylogenetic features (Hettich et al.

2013). However, these limitations have been overcome by combining the

metaproteomic and metagenomic approaches together under the name of

“proteogenomics” (Banfield et al. 2005). In community proteogenomics, total

DNA and proteins are extracted from the same sample, which allows linking of

biological functions to phylogenetic identity with greater confidence. The

metagenomic part of the proteogenomic approach plays a very significant role

and increases the identification of protein sequences by metagenomic analysis of

the same sample from which the proteins were extracted (Johnson-Rollings et al.

2014).

The proteogenomics approach was applied to decipher phyllosphere bacterial

communities in a study by Delmotte et al. (2009). Bacterial biomass was harvested

from leaf surfaces of soybean, clover, and Arabidopsis, and proteins were extracted.
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This was followed by tryptic digestion and separation of fragments by liquid

chromatography and analysis by mass spectrometry. This led to the identification

of 2883 unique proteins from nearly one-half million spectra. The metagenomic

data generated from the DNA extracted from the same pool of bacterial biomass

significantly increased (up to 74 %) the number of identified proteins, indicating

that the majority of the bacterial communities present in the phyllosphere were

Fig. 18.1 Metagenomic approach for DNA isolation from environment
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genetically distinct from those currently available in databases. Most identified

proteins in the phyllosphere proteome were assigned to the three bacterial genera

Methylobacterium, Sphingomonas, and Pseudomonas. Large numbers of proteins

involved in methanol oxidation were identified and were assigned to

Methylobacterium species that can use methanol as a source of carbon and energy

(Knief et al. 2012).

18.7 Environmental Transcriptomics

This technique allows monitoring of microbial gene expression profiles in natural

environments by studying global transcription of genes by random sequencing of

mRNA transcripts pooled from microbial communities at a particular time and

place (Moran 2009) (Fig. 18.1). Metatranscriptomics is particularly suitable for

measuring changes in gene expression and their regulation with respect to changing

environmental conditions. The major challenge in metatranscriptomics is the fact

that prokaryotic microbial mRNA transcripts are not polyA tailed, so obtaining

complementary DNA (cDNA) is not easy (Rajendhran and Gunasekaran 2011).

This results in coextraction of more abundant rRNA molecules in the total RNA

pool, which can lead to overwhelming background sequences in a large-scale

sequencing analysis. A method for selectively enriching mRNA by subtractive

hybridization of rRNA has been developed and evaluated for the gene transcript

analysis of marine and freshwater bacterioplankton communities, which revealed

the presence of many transcripts that were linked to biogeochemical processes such

as sulfur oxidation (soxA), assimilation of C1 compounds (fdh1B), and acquisition

of nitrogen via polyamine degradation (aphA) (Poretsky et al. 2005).

More recently, a “double-RNA” method has been devised to analyze the total

RNA pool of a community, as it is naturally rich in not only functionally but also

taxonomically relevant molecules, i.e., mRNA and rRNA, respectively (Urich et al.

2008; Wemheuer et al. 2012). This offers a means to investigate both structural and

biochemical activity of microbes in a single experiment. Their study combined

transcriptomic profiling with massive pyrosequencing techniques to produce

193,219 rRNA tags and 21,133 mRNA tags from sandy soil samples that were

poor in nutrients and neutral in pH. The rRNA tags providing data on the phyloge-

netic composition of soil microbial communities showed that Actinobacteria and

Proteobacteria were most abundant, while Crenarchaeota were less abundant in soil

samples (DeAngelis et al. 2011). The mRNA tags provided a glimpse of the in situ

expression of several key metabolic enzymes such as ammonia monooxygenase

(amoA and amoC) and nitrite reductase (nirk) that were involved in ammonia

oxidation. In addition, microbial gene transcripts coding for the enzymes methyl-

malonyl-CoA mutase and 4-hydroxybutyryl-CoA dehydratase that play a role in

CO2 fixation pathways in Crenarchaeaota were detected.
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18.8 Conclusions

Microbial diversity in natural environments is extensive. Methods for studying

diversity vary and diversity can be studied at different levels, i.e., at global,

community, and population levels. The molecular perspective gives us more than

just a glimpse of the evolutionary past; it also brings a new future to the discipline

of microbial ecology. Since the molecular-phylogenetic identifications are based on

sequences, as opposed to metabolic properties, microbes can be identified without

being cultivated. Consequently, all the sequence-based techniques of molecular

biology can be applied to the study of natural microbial ecosystems. These methods

characterize the microbial processes and thereby can be used to reach a better

understanding of microbial diversity. In future, these techniques can be used to

quantitatively analyze microbial diversity and expand our understanding of their

ecological processes. All of the molecular approaches available for community

structure and function analysis have advantages and limitations associated with

them, and none provides complete access to the genetic and functional diversity of

complex microbial communities. A combination of several techniques should be

applied to interrogate the diversity, function, and ecology of microorganisms.

Culture-based and culture-independent molecular techniques are neither contradic-

tory nor excluding and should be considered as complementary. An interdisciplin-

ary systems approach embracing several “omics” technologies to reveal the

interactions between genes, proteins, and environmental factors will be needed to

provide new insights into environmental microbiology. Development of multi-

“omics” approaches will be a high-priority area of research in the coming years.
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Chapter 19

Arbuscular Mycorrhizal Fungi: Evolution

and Functions in Alleviating Plant Drought

Stress

T. Li

Abstract Arbuscular mycorrhizal (AM) fungi can form mutualistic associations

known as AM symbioses with the majority of terrestrial plant species. They are

essential for plant adaptation to various environmental stresses, such as nutrient

deficiency, environmental pollution, and drought. Many studies have proved the

positive influences of AM on plant drought tolerance, and great efforts have been

made to uncover the underlying mechanisms. The progress in direct involvement of

AM fungi in plant–water relations, however, is hindered by the lack of knowledge

on AM fungal genetics. Here, we discuss the advantages and applicability of three

tools and techniques, including comparative genomics, RNA sequencing, and

noninvasive microelectrode ion flux estimation, in studying AM fungal evolution-

ary profiling and functioning and expect to propose new perspectives for future

research.

19.1 Introduction

Arbuscular mycorrhizal (AM) symbiosis, a symbiotic association established

between AM fungi and roots of higher plants, can be found in most terrestrial

ecosystems (Compant et al. 2010). The fungi, as true helper microorganisms, confer

many benefits to plants, such as the extension of the root system and improvement

of soil nutrient uptake, especially immobile phosphates (Smith and Read 2008).

Furthermore, they also can lead to a 20 % net increase in photosynthesis (Tisserant

et al. 2013). In return, the fungal partner receives up to 20 % of plant-fixed carbon to

support its growth (Bonfante and Genre 2010). From these perspectives, AM fungi

could make a tremendous contribution to the phosphorus and carbon cycling in
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natural ecosystems. Despite the ecological importance of the AM symbiosis, its

molecular and genetic features are only partially demonstrated and most in-depth

investigations have centered on the plant partner (Geurts and Vleeshouwers 2012).

In contrast, very little is known about the basic biology of the fungal partner due to

its genetic complexity resulting from asexual reproduction and the coexistence of

genetically different nuclei (Sanders and Croll 2010). The recently published

genome sequence of an AM fungus Rhizophagus irregularis has accelerated the

progress of AM fungal cellular programs. Low level of genome polymorphism was

observed in the multinucleated R. irregularis, and some hallmarks, such as the lack

of genes encoding plant cell wall-degrading enzymes and of genes involved in toxin

and thiamine synthesis, have made AM fungi obligate symbionts (Tisserant et al.

2013). However, whether there are other features marking the obligate biotrophy

needs to be further investigated.

Many studies have shown that the mutualistic association can protect host plants

against adverse environmental conditions including drought stress, which exerts

detrimental effects on plant survival, development, and productivity (Ruiz-Lozano

2003; Compant et al. 2010). It has been reasoned that AM fungi can alter water flow

into and out of the plants through hyphal networks (Augé 2001; Li et al. 2013,

2014), improve nutrient uptake and photosynthesis (Ruı́z-Sánchez et al. 2011), and

promote plant metabolic activities, for instance, the synthesis of abscisic acid and

proline (Herrera-Medina et al. 2007). Molecular evidence has demonstrated that the

abovementioned mycorrhizal functions are possibly achieved through the regula-

tion of drought-related gene expression in host plants by AM fungi, including

aquaporin genes (Porcel et al. 2006), p5cs genes which encode a rate-limiting

enzyme in the biosynthesis of proline (Porcel et al. 2004), and nced genes coding

for a key enzyme in ABA biosynthesis (Aroca et al. 2008). Moreover, extraradical

mycelium of AM fungi can enter finer pores of the soil and enhance water transport

to host plants to alleviate water deficit (Khalvati et al. 2005). However, the

molecular basis for the direct involvement of AM fungi in plant drought tolerance

is largely unknown.

The development of many high-throughput and electrophysiological techniques

that have been successfully applied to the functional and evolutionary analyses in

many organisms has made it possible to answer the important biological questions

regarding AM fungi. In this chapter, we discuss the applicabilities of some tools and

techniques, such as comparative genomics, RNA sequencing, and noninvasive

microelectrode ion flux estimation (MIFE), in AM fungi studies and expect to lay

a solid foundation for future research.
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19.2 Comparative Genomics: An Approach for Further

Understanding the Evolution of Arbuscular

Mycorrhizal Fungi

The accelerating output from the genome sequencing projects provides a wealth of

data for uncovering the fundamental biological processes (Nieduszynski and Liti

2011). Each cellular function requires the precise coordination of molecular inter-

action networks. The assessment for the functionality of the molecular networks

relies on high-quality genome annotations (Cornish and Markowetz 2014), which

can be created directly by experiments or through homology-based inference (Haft

2015). In view of functional divergence within homology families (Tian and

Skolnick 2003) and functional overlapping among different protein families

(Koski and Golding 2001), both missed and wrong annotations exist in public

databases. The best approach to high-quality genome annotation is the additional

use of comparative genomics. Multiple sequence alignments in comparative geno-

mics are superior to individual pairwise alignments for easier and more accurate

identification of motif properties and thus molecular function (Schaffer et al. 2001).
In addition, after initial assignment of protein family functions is performed using

RAST subsystems (Aziz et al. 2008) or Genome Properties (Haft et al. 2013) and

interactions among protein families are deduced in the STRING database server

(Franceschini et al. 2013), comparative genomics can group proteins according to

their functions at the whole genome level, even if each single protein is poorly

understood. This has the potential to uncover the nature of biological processes and

drive new discoveries (Haft 2015).

Comparative genomics was first used to clarify the genetic bases of mycorrhizal

lifestyle evolution (Kohler et al. 2015) and suggested the substantial losses of plant

cell wall degradation enzymes during mycorrhizal fungal evolution, along with the

data showing genomic contents and organization of R. irregularis (Tisserant et al.
2013). However, the evidence of other evolutionary and functional properties is still

lacking in mycorrhizal fungi.

We have run Artemis Comparison Tool v8 (Carver et al. 2005) and MUMmer

3.0 (Kurtz et al. 2004) on Linux System to compare genomes of four representative

fungi with different strategies for accessing host nutrients, including the biotrophic

AM fungus R. irregularis DAOM 197198, the necrotrophic pathogen Fusarium
verticillioides, the ectomycorrhizal fungus Laccaria bicolor, and the

hemibiotrophic pathogen Magnaportheoryzae. Our preliminary results showed

that a set of genes encoding the key enzymes involved in triacylglycerol (TAG)

biosynthesis were conserved in the fungi. The enzymatic steps began with the

formation of glycerol-3-phosphate, which was catalyzed by glycerol kinase that

transferred a phosphate from ATP to glycerol and ended with conversion of

diacylglycerol to TAG catalyzed by both diacylglycerol O-acyltransferase and

phospholipid:diacylglycerolacyl transferase. However, direct synthesis of glycerol

and TAG degradation occurred only in the pathogens as the key enzymes glycerol-

3-phosphatase and intracellular triacylglycerol lipase, which performed the
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catalytic conversion of glycerol-3-phosphate to glycerol and TAG to glycerol,

respectively, are exclusively present in the pathogens but absent from symbiotic

fungi (Fig. 19.1, unpublished data). In addition, combined with gene functional

verification, we showed that the two obligatory fungi (R. irregularis and

F. verticillioides) which exhibit only one type of lifestyle lacked the capacity for

glycerol transport. Conversely, the two facultative fungi (L. bicolor andM. oryzae)
could potentially synthesize TAG from glycerol, complete their life cycle, and thus

exhibit an alternative lifestyle (Fig. 19.1). These data implied that glycerol blocks

and glycerol metabolism may play crucial roles in AM symbiosis. Therefore,

comparative genomics could open up the possibility of identifying new features

contributing to AM symbiosis.

Fig. 19.1 Pathways of glycerol flow and metabolism in Rhizophagus irregularis, Laccaria
bicolor, Magnaporthe oryzae, and Fusarium verticillioides. The red, purple, olive, and orange
“Ɵ” represents the absence of the catalytic enzymes or transporters in R. irregularis, L. bicolor,
M. oryzae, and F. verticillioides, respectively
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19.3 RNA Sequencing: A Powerful Tool to Profile AM

Fungal Functioning on a Genomic Scale

At the beginning of the 2000s, the next-generation DNA sequencing approaches

(Roche/454, SOLiD, and Illumina) came into use and were rapidly applied to RNA

studies (Graveley 2008; Loman et al. 2012), although saddled with higher costs and

less conventional protocols than other high-throughput technologies like

microarrays (Ares 2011). More recently, improvements have been made to data

throughput quality and expense reduction, enabling the prompt and wide utilization

of RNA sequencing (RNA-Seq) in multiple experimental conditions (Marguerat

et al. 2008; Wang et al. 2009). Assembly and evaluation of transcript (isoform)

from the obtained sequencing reads allow discovery of novel transcripts and

isoforms, detection of alternative splicing patterns and polyadenylation sites, as

well as quantification of gene set expression (Marguerat et al. 2008; Wang et al.

2009; Ares 2011), providing a solid basis for transcriptome dissection. Compared

with microarray analysis, RNA-seq has increased resolution and sensitivity to

subtle features and differences such as transcripts at low abundance, allelic varia-

tions, and splice isoforms (Zhao et al. 2014). Furthermore, it is noteworthy that the

sequencing reads from the transcriptome analysis must be mapped to their genomic

origins, consequently supporting gene annotation and comparative genome analysis

(Sudheesh et al. 2015).

The number of reads matching a particular gene in the genome gives an estimate

of the relative expression level of that gene, which controls the phenotypic traits of

living organisms (Ares 2011). Therefore, genome-wide transcriptome analysis can

provide insights into the molecular basis of mycorrhizal fungal adaptation pro-

cesses for growth (Tisserant et al. 2012). In fact, considerable studies have focused

on the symbiosis-related mechanisms (Martin et al. 2008; Tisserant et al. 2012;

Kohler et al. 2015). However, little is known about the development and function-

ing of AM fungi in response to abiotic stresses such as drought.

We have analyzed the transcriptome of R. irregularis DAOM 197198 (Tisserant

et al. 2012) and found only two predicted aquaporin genes (GintAQPF1 and

GintAQPF2). The analysis of gene expression during different developmental

stages of the life cycle of this fungus showed that the lowest expression of

GintAQPF1 and GintAQPF2 was found in germinated spores, whereas the highest

expression was identified in arbuscule-enriched cortical cells. Intermediate expres-

sion level was observed in extraradical mycelia (Fig. 19.2; Li et al. 2013). This

indicates that the two transporters likely account for water uptake and water

exchange between host plants and AM fungi. To determine whether there is direct

involvement of AM fungi in plant–water relations under drought stress, we verified

the functions and activities of the two aquaporins in heterologous expression system

and evaluated their expression levels in colonized maize roots, cortical cells

containing arbuscules and extraradical mycelia. Our data strongly support potential

water transport via AM fungi to host plants, which leads to a better understanding of

the important role of AM fungi in plant drought tolerance (Li et al. 2013). However,
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there is still an urgent need for RNA-Seq profiling under water deficit in order to

provide an overview of drought-related genes of AM fungi and their regulatory

networks which perceive and translate drought signals into key biological processes

for drought responses.

19.4 The Application of Noninvasive Micro-test Technique

for Kinetic Studies of Membrane-Transport Processes

Across Cellular Membranes

Cell membranes act as semipermeable barriers that facilitate the transport of certain

molecules and prevent the accumulation of undesirable chemicals (Maloney and

Wilson 1996). Membrane transport is considered to be involved in the regulation of

cell growth and morphology, metabolism, stress signaling, and immune response

(McLamore and Porterfield 2011). Electrophysiology (Martinac 2004; Ohmizo

et al. 2004) and molecular genetics (Epstein 2003; Kuo et al. 2003) studies have

Fig. 19.2 Expression of

aquaporin genes,

GintAQPF1 (a) and

GintAQPF2 (b), in

germinated spores, cortical

cells containing arbuscules

and extraradical mycelium.

The error bars represent SD
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revealed the critical role of plasma membrane transporters in extracellular signal

perception and transduction. Plasma membrane potential alteration and/or ion flux

modulations are among the earliest cellular responses to environmental changes in

many organisms (Wood 1999; Zimmermann et al. 1999). Sensitive and robust

technologies are needed to determine real-time quantification of cell membrane

transport, based on which links between membrane-transport processes and rele-

vant metabolic processes can be established within a specified time (Shabala et al.

2006). A variety of different techniques can be adopted to measure ion transport,

consisting of nuclear magnetic resonance (NMR) spectroscopy (Gillies 1994),

fluorescent indicator dyes (Jones et al. 2000; Novo et al. 2000), patch clamp

(Martinac 2004), and various types of ion-selective electrodes (Orlov et al. 2002;

Ohmizo et al. 2004). Challenges associated with fluorescent dyes include

cytoxicity, accumulation of the fluorescence probes inside cells, and interaction

of ion probes with cell metabolism (Roos 2000). The patch clamp method greatly

depends on the experience and manual skills to avoid physical damage to cell

membranes (Levina et al. 1999; Martinac 2004). NMR suffers from a relatively low

time resolution and the restraints on types of atoms being detected (Gillies 1994).

In recent years, due to its high sensitivity and analyte selectivity, lower response

time, and the novel microfabrication property, noninvasive microelectrode ion flux

measurements have become a powerful tool and have advanced the progress in

studying the responses of animal (Devlin and Smith 1996; Smith et al. 1999), plant

(Babourina et al. 2002; Shabala and Lew 2002; Demidchik et al. 2003), yeast

(Macpherson et al. 2005; Li et al. 2013), and fungal (Lew 1999; Ramos et al.

2008) cells and tissues to abiotic and biotic stresses. This newly developed system

is derived from L. Jaffe’s vibrating probe technique (Jaffe and Nuccitelli 1974) and
could measure net fluxes of many molecules in real time, including H+, Ca2+, K+,

Na+, Cl�, Mg2+, NH4
+, NO3

�, Cd2+, Zn2+, Cu2+, O2, H2O2, and auxin (IAA)

(McLamore and Porterfield 2011). The theory of noninvasive MIFE technique is

briefly described as follows (Newman 2001). An electrochemical potential gradi-

ent, the combined gradient of ion concentration and electrical charge, arises in the

proximity of cell surface when an ion is taken up or extruded across the plasma

membrane. The net ion flux can be calculated from the electrochemical potential

gradient since ions in solution can move down their electrochemical potentials (see

Fig. 19.3 for details, Li and Chen 2013).

Despite the popularity of the noninvasive MIFE technique in many organisms,

its use in AM fungi is still very limited. Ramos et al. (2008) firstly revealed the

correlation of hyphal H+ flux with germ tube branching and lateral hyphal forma-

tion in AM fungi. More recently, we have unraveled the possible connection

between Ca2+ flux along AM fungal lateral hyphae and their polarized growth

under drought stress (unpublished data). Cells contain a series of innate mecha-

nisms of sensing extracellular and/or intracellular molecules and modulating their

transport accordingly (McLamore and Porterfield 2011). Future studies should

combine the real-time transport studies with genomic and proteomic analyses,

allowing us to better understand the function of AM fungi against drought stress.
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19.5 Conclusion

To sum up, the high-throughput techniques (comparative genomics and RNA-Seq)

alone or in combination with each other can provide useful information for the

evolutionary and functional studies of non-model organisms, in particular of AM

fungi whose molecular genetics is still difficult to elucidate to date (Sanders and

Croll 2010). Additionally, the data from noninvasive ion flux measurements should

be complemented by comprehensive studies into the functional genomics of the

organisms. The power of these techniques, however, might be many-fold higher

when combined with other cellular or molecular techniques such as yeast two

hybrid. Ultimately, we propose ways of better integrating the researches of both

host plants and AM fungi in the future to unravel the functionality of this important

symbiosis.
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Chapter 20

Engineered Nanostructured Materials

for Antimicrobial and Photocatalytic

Applications

Uma, Manika Khanuja, and Ajit Varma

Abstract Nanoparticles are broad spectrum antimicrobial and photocatalytic

agents. This chapter reports the synthesis of few nanoparticles (ZnO, Ag,

Cu-doped ZnO) for antibacterial and photocatalytic applications. The size and

surface area of nanomaterials are important parameters which makes them superior

than bulk materials for their antimicrobial action. In this chapter, biosynthesized

ZnO nanoparticles (diameter ranging from 10 to 25 nm), Cu-doped ZnO nanorods

(length ~500 nm, diameter ~50 nm), and biosynthesized Ag nanoparticles were

used for antimicrobial activity. Samples were characterized by UV–Vis spectros-

copy, Scanning electron microscopy (SEM), Transmission electron microscopy

(TEM), Energy dispersive X-ray spectroscopy (EDX), and X-ray diffraction

(XRD). Antimicrobial activity of samples is studied by shake flask method, Disk

diffusion assay, and cytotoxicity by MTT assay. The significant antimicrobial

activity of nanoparticles was observed for various strains like Escherichia coli,
Staphylococcus aureus, and Streptococcus pyogenes as a function of nanoparticle

concentration. The degradation of methylene blue (MB) was used as a model

organic dye for photocatalytic activity. The present study demonstrates the superior

photocatalytic and antibacterial activity of few nanoparticles.
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20.1 Nanostructured Materials

“Nanostructured materials” are those having properties defined by features smaller

than 100 nm. Materials with a nanometer-sized microstructure are called “Nano-

structured Materials” (NsM) or—synonymously—nanophase materials, nanocrys-

talline materials, or supramolecular solids.

This class of materials is interesting for the reasons: (1) they include most

materials, since a broad range of properties—from fracture strength to electrical

conductivity—depends on nanometer-scale features. (2) They may offer new prop-

erties: The conductivity and stiffness of buck tubes and the broad range of fluores-

cent emission of CdSe quantum dots are examples. (3) They can mix classical and

quantum behaviours. (4) They offer a bridge between classical and biological

branches of materials science. (5) They suggest approaches to “materials-by-

design”.

Nanostructured materials with good antibacterial properties and biocompatibil-

ity/environmental safety have also been attained (Campoccia et al. 2013; Anselme

et al. 2010; Armentano et al. 2010; Fortunati et al. 2013). Although the design and

development of biomaterials have significantly advanced over the past decade,

great challenges remain for fundamental exploration and practical applications.

20.2 Engineered Nanostructured Materials

The evolution and potentiality of emergent active engineered nanostructured mate-

rials with their antibacterial and photocatalytic applications is described in this

chapter. Figure 20.1 shows a schematic view of the two approaches used to develop

engineered nanostructured polymeric materials for antibacterial applications:

(1) nanocomposites based on biodegradable polymers and antimicrobial

nanostructures with potential application in tissue engineering and (2) surface

modifications based on plasma treatment in order to induce specific surface topog-

raphy that affects the microbial vitality.

20.2.1 Biosynthesized ZnO

Biosynthesized nanoparticles are gaining attention due to their low cost, simplicity,

and eco-friendly nature. ZnO has broad range of applications including antimicro-

bial activity due its biocompatibility, enhanced surface to volume ratio, wide range

of morphologies, surface defects and surface charge and tunable band gap. ZnO is

considered as food safe (GRAS) by food and drug administration. Through biosyn-

thesis, i.e., by using eco-friendly, nano-toxic, and safe reagents, controlled and
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precise synthesis of metal and metal oxide nanoparticles with well-defined diverse

sizes and shapes is achievable.

Green synthesis of ZnO nanoparticles were done using 25 % (w/v) of

Azadirachta indica (Neem) leaf extract dried and was characterized further using

TEM, EDX, UV–Vis, and XRD as summarized in Fig. 20.2 (Bhuyan et al. 2015a).

20.2.2 Biosynthesized Silver Nanoparticles

Silver nanoparticles (Ag NPs) exhibit unique and tunable surface plasmon proper-

ties, ease of surface functionalization, extremely high surface to volume ratio, and

catalytic effect in many important oxidization reactions (Linic et al. 2015; Wiley

et al. 2007). These characteristics promote their broad functions in diverse appli-

cations ranging from targeted drug delivery and molecular imaging to water

treatment and antimicrobial development (Arvizo et al. 2012; Huang et al. 2008).

One of the key aspects that define its suitability for these applications is the

synthesis protocol. Several physical and chemical methods—including reduction

of silver salt solution, thermal decomposition of silver compound, and sonication—

have been reported in the literature and are currently used for producing a palette of

designed nanostructures (Chen et al. 2009; Shamim and Sharma 2013; Xie et al.

2007a, b). Yet, despite the ease of such fabrication methods and their reliability in

creating complex morphology of Ag NPs, toxicity and biocompatibility concerns

have severely impeded their application in critical domains, e.g., in healthcare

theranostics. To meet this technological need, investigators have proposed the use

of microbial plateforms as a cleaner, “green,” and sustainable route. Biogenic

nanoparticles production reduces (and often eliminates) the need for employing

hazardous chemicals and decreases the downstream processing requirements,

which make the complete process more economical and less energy intensive

(Raveendran et al. 2003; Prasad 2014; Prasad et al. 2015; Thakkar et al. 2010).

Fig. 20.1 This figure

shows a schematic view of

the two approaches used to

develop engineered nano-

structured polymeric

materials for antibacterial

applications

20 Engineered Nanostructured Materials for Antimicrobial and Photocatalytic. . . 299



For this purpose, Ag NPs have been synthesized using Chlorella pyrenoidosa and

was characterized by SEM, EDX, XRD, TEM, and FTIR as shown in Fig. 20.3

(Aziz et al. 2015).

20.2.3 Cu-Doped ZnO (Nanocomposite)

Since ages, copper is known for its antimicrobial action. Till date, there are no

reports that bacteria’s have developed antimicrobial resistance against copper.

Thus, synergetic association of copper and zinc in “copper-doped ZnO nanorods”

has the potential to overcome the challenge associated with AMR. This is due to

(1) copper doping tunes the ZnO band gap such that effective utilization of sunlight

is more for the generation of superoxide anions and (2) by changing morphology of

ZnO from “spherical” in nanoparticles to 1-D nanostructures in ZnO nanorods

result in increase in spatial confinement of electron and hole, thus reducing electron

Fig. 20.2 Biosynthesized ZnO characterized by (a) transmission electron microscopy for particle

size (10–25 nm) (b) EDX spectra confirming presence of elements Zn and O (c) UV–Vis

absorption spectra and insert shows Tauc’s plot, estimated band gap (Eg) ¼ 3.87 eV and (d)

X-ray diffractogram showing (hkl) planes corresponding to hexagonal wurtzite structure (Bhuyan

et al. 2015a)
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hole recombination probability making them available for the formation of super-

oxide anions. Copper-Doped ZnO nanostructures have been synthesized using

mechanical assisted thermal decomposition process and was characterized further

using SEM, UV–Vis, and XRD as summarized in Fig. 20.4 (Bhuyan et al. 2015b).

20.3 Antimicrobial Activity

Antibacterial activity of nanoparticles is of tremendous practical applications in

designing microbial resistant articles for preserving food and wood products,

cosmetics, novel nanomedicines wound dressing, and disinfecting agents.
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Fig. 20.3 Morphological and chemical characterization of C. pyrenoidosa-derived Ag NP. (a)

SEM image of biogenic Ag NPs (scale bar indicates 5 μm); (b) EDX spectrum of biogenic Ag NPs;

(c) XRD spectrum showing the face centered cubic (FCC) nature of the C. pyrenoidosa derived Ag
NPs; (d) FTIR spectra of (a) cell extract and (b) C. pyrenoidosa-derived Ag NPs (Aziz et al. 2015)
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20.3.1 Scanning Electron Microscopy

SEM analysis of the prepared bacterial samples was carried out showing the

changes in external morphologies of the bacterial strain. Figure 20.5 shows the

SEM micrograph of E. coli in (i) control, (ii) Cu-doped ZnO nanorods, (iii) control

for Carbon nanotubes, and (iv) Carbon nanotubes. The untreated E.coli cells

(control) seemed to retain their rod-shaped morphology with intact and well-

preserved cell walls and membranes as shown in Fig. 20.5 (i and iii). In contrast,

Fig. 20.5 (ii) shows the aggregated colonies of dead bacterial cells upon interaction

with Cu-doped ZnO nanorod samples. Carbon nanotubes-treated E. coli cells

undergo cell wall degradation resulting in the release of cytoplasmic contents as

shown in Fig. 20.5 (iv).
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Fig. 20.4 (a) and (b) SEM micrograph of ZnO and Cu-doped ZnO nanorods, respectively; (c)

UV–Vis of ZnO and Cu-doped ZnO; (d) XRD pattern of ZnO and Cu-doped ZnO nanorods

(Bhuyan et al. 2015b)
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20.3.2 Disk Diffusion Assay

To study the antibacterial activity of biosynthesized Ag NPs, we tested them against

four pathogenic microorganisms, Klebsiella pneumoniae, Aeromonas hydrophila,
Acenetobacter sp. (all of which are Gram-negative bacteria), and one Gram-

positive bacterium Staphylococcus aureus. The chemically synthesized Ag NPs

were used as controls for comparison with the activity of the biogenic materials. As

seen from Fig. 20.6a, the highest zones of inhibition were observed in the cases of

A. hydrophila and Acenetobacter sp. even at comparably lower volumes of added

Ag NPs. The gross visual inspection is confirmed by the quantitative morphometric

analysis of the inhibitory effect (Fig. 20.6b). Specifically, the percentage inhibition

for A. hydrophila and Acenetobacter sp. was computed to be in the range of

15–23% over the range of added AgNPs volumes. On the other hand,K. pneumonia
exhibited comparatively lower inhibition; however, it showed the sharpest rise in

inhibitory effect as a function of added amount of Ag NPs.

(i) (ii)

(iii) (iv)

Fig. 20.5 SEM micrograph of E. coli in (i) control (ii) Cu-doped ZnO nanorods (iii) control and

(iv) Carbon nanotubes (c.r.f. Bhuyan et al. 2015b)
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20.3.3 Shake Flask Test in Luria Bertani (LB) broth

Preparation of Bacterial Cultures

The antibacterial assays of the nanorod samples were determined against both

Gram-positive bacteria: Staphylococcus aureus and Streptococcus pyogenes, and
Gram-negative bacteria: Escherichia coli. The stock bacterial cultures were

maintained at 37 �C. Sterile Luria Bertani (LB) broth of 100 ml was prepared in

500 ml Erlenmeyer flasks followed by inoculation of single bacterial colonies from

each of the bacterial stock cultures of Staphylococcus aureus, Streptococcus
pyogenes, and Escherichia coli. Finally, the prepared bacterial suspensions were

placed in an incubator shaker at 37 �C.

Shake Flask Method

Shake flask test in Luria Bertani (LB) broth.

20.3.3.1 Biosynthesized ZnO

The antibacterial activity of biosynthesized ZnO nanoparticles is tested on gram-

negative as well as gram-positive bacteria: S. aureus, S. pyogenes and E. coli. The
studies have been carried out for different concentrations (μg/ml) of ZnO (0, 20,

40, 60, 80, 100), as summarized in Table 20.1. The growth of bacterial cells is

inhibited in the presence of ZnO as compared to ZnO. The inhibition in growth is

observed to be 70 % for E. coli, 57 % for S. aureus, and 52 % for S. pyogenes as

Fig. 20.6 Experimental observations of the antibacterial property of C. pyrenoidosa-derived Ag

NP (b) and chemically synthesized Ag NPs (c). Zone of inhibition against bacterial pathogens:

Klebsiella pneumoniae (Kp), Aeromonas hydrophila (Ah), Acenetobacter sp. (Ac), and Staphylo-
coccus aureus (Sa) (Aziz et al. 2015)
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shown in Fig. 20.7. The inhibition in bacterial cells’ growth is more as concentra-

tion of biosynthesized ZnO is increased from 20 to 100 μg/ml.

20.3.3.2 Cu-Doped ZnO Nanorods

The antibacterial assay of the copper-doped ZnO nanorods was determined against

both Gram-positive and Gram-negative bacterial species: Staphylococcus aureus,
Streptococcus pyogenes, and Escherichia coli. Antibacterial activity of CZN sam-

ple was carried out using shake flask method as a function of time (0, 3, 6, 9, and

24 h) against Gram-Positive: S. aureus and S. pyogenes as well as Gram-Negative:

E. coli (Fig. 20.8). Percentage reduction in bacterial growth was found to be: CZN

Table 20.1 Antibacterial activity of ZnO nanoparticles (using nutrient broth shake flask test)

(Bhuyan et al. 2015a)

Concentration of

ZnO nanoparticles

(μg/ml)

Test organisms

Optical density (OD) after 24 h (600 nm)

E. coli
(OD)

Growth

reduction

(%)

S. aureus
(OD)

Growth

reduction

(%)

S. pyogenes
(OD)

Growth

reduction

(%)

0 4.6 100.0 5.2 100.0 2.2 100.0

20 4.3 92.4 5.1 97.0 2.1 94.0

40 3.9 83.7 3.4 76.0 1.7 77.4

60 3.7 79.6 3.7 70.4 1.2 56.6

80 3.6 77.7 3.1 60.4 1.1 51.6

100 3.2 69.2 3.0 57.0 1.1 52.0

0

1

2

3

4

5

6

control 20 40 60 80 100

Gr
ow

th
 (A

-6
00

nm
)

ZnO NPs (µg/ml)
E. coli S. aureus S. pyogenes

Fig. 20.7 Growth of

bacterial strains (S. aureus,
S. pyogenes, and E. coli)
exposed to various

concentrations of ZnO

nanoparticles

(20–100 μg/ml). Values

plotted are

mean � Standard deviation

(Bhuyan et al. 2015a)
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E. coli (61 %), CZN S. aureus (64 %), and CZN S. pyogenes (55 %). The doped ZnO

samples are effective antibacterial agents on Gram-Positive as well as on Gram-

negative bacteria as summarized in Table 20.2. The antimicrobial action of sample

was found to be highest for S. aureus as compared to E. coli and S. pyrogenes due to
the differences in (1) cell membrane structure, (2) Physiology and metabolic

activities of the cell, and (3) degree of contact.

20.3.4 MTT Assay

Cytotoxic effect of nanoparticles was determined by 3-(4,5-Dimethylthiazol-2-Yl)-

2,5-Diphenyltetrazolium Bromide (MTT) assay. The effect of different
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Fig. 20.8 Comparative

analysis of the antibacterial

efficacy of pure ZnO and

Cu-doped ZnO nanorods

using shake flask method

(Bhuyan et al. 2015b)

Table 20.2 Antibacterial activity of pure and copper-doped ZnO nanorods (Bhuyan et al. 2015b)

Time

(h)

Antibacterial activity (%)

E. Coli S. Aureus S. Pyogenes

Sample ZN

(%)

Sample

CZN (%)

Sample ZN

(%)

Sample

CZN (%)

Sample ZN

(%)

Sample

CZN (%)

0 0 0 0 0 0 0

3 8.3 6.1 6.2 3.7 8.5 13.4

6 15.5 16.9 17.9 22.5 23.7 28.9

9 27.2 26.4 32.8 36.6 35.5 38.2

24 37.7 36.9 46.6 54.7 60.8 64.2

ZN ZnO nanorods, CZN Copper-doped ZnO nanorods
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concentrations of BiVO4 nanoparticles against E. coli was studied by MTT assay.

Table 20.3 summarizes the antibacterial activity of BiVO4 nanoparticle. It can be

inferred from the Fig. 20.9 that the growth of bacterial cells in presence of BiVO4

nanoparticles was lower than that of cells in the control, indicating that BiVO4

nanoparticles could inhibit the growth of bacterial cell. The percentage of bacterial

growth decreased to 71–88 % for E. coli with the increase in BiVO4 Conc.,

respectively. The absorbance of nanoparticle-treated E. coli culture is measured

at 600 nm with respect to control. Cell viability was determined by

Cell Viability %ð Þ ¼ At=Acð Þ � 100

Cytotoxicity %ð Þ ¼ 100� Viability %ð Þ

where At is the absorbance of treated sample and Ac is the absorbance of control.

20.3.5 Cytotoxicity of Catechin–Cu NPs and Catechin

HepG2 cells were exposed to Catechin–Cu nanoparticles and Catechin at concen-

trations of 0, 1, 5, 10, 20, 40, 100, and 200 ppm for 24 h, and cytotoxicity was

Table 20.3 Percentage of cell viability OF BiVO4 nanoparticle against E. coli

Concentration of BiVO4 (ppm) Sample absorbance Cell viability (%) Cytotoxicity (%)

Control 0.467 100 0

20 0.133 28.47 71.53

40 0.061 13.06 86.94

60 0.057 12.2 87.8

Concentration (ppm)

Cel
l 
via
bili
ty 
& 
cyt
ot
oxi
cit
y 

Fig. 20.9 The antibacterial

activity of different

concentrations of m-BiVO4

nanoparticles against E. coli
by MTT assay
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determined by MTT assay. The cytotoxicity assays have shown that Catechin–Cu

nanoparticles up to the concentration of 40 ppm did not produce significant cyto-

toxicity to cells (P> 0.05 for each), a dose that was found to be lethal for the

bacteria tested in this study (Table 20.4). As the concentration of nanoparticles

increased to 100 and 200 ppm, in MTT assay, cell viability dropped drastically to

62.1 % and 59.2 %, respectively (Fig. 20.10). Furthermore, the cell viability kept

about 70 % in the presence of 100 ppm Catechin, a dose that the MBC of Catechin

to S. aureus. Catechin–Cu nanoparticles show the higher cytotoxicity to HepG2

cells than that of Catechin at the concentration range of 1–200 ppm, which can

better inhibit the proliferation of HepG2 cells. Such cytotoxicity induced by

Catechin–Cu nanoparticles should be attributed to the direct interaction of nano-

particle with the HepG2 cells; the result suggested that small size is a major

advantage of Catechin–Cu nanopaticles (Huanhuan et al. 2015).

Table 20.4 Minimum inhibitory concentration (MIC) and minimum bactericidal concentration

(MBC) of Catechin solution and Catechin–Cu nanoparticles against various microorganisms

(Huanhuan et al. 2015)

Bacteria

Catechin Catechin–Cu nanoparticles

MIC (ppm)a MBC (ppm)b MIC (ppm)a MBC (ppm)b

E. coli 100 150 20 40

S. aureus 90 100 10 20
aConcentration (three replications) where no turbidity was observed in culture
bConcentration (three replications) where no growth was observed on agar plate

Fig. 20.10 Cytotoxicity of

Catechin–Cu nanoparticle

and Catechin in HepG2

cells as assessed by MTT

assay (Huanhuan et al.

2015)
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20.4 Antimicrobial Mechanism

The mechanism of toxicity of the Cu and ZnO nanoparticles mainly involves

unfolding of proteins, loss of enzymatic activity, and thiol cross-linking and

depends on nanoparticle-biomolecule interaction (Moos et al. 2010). The diffusion

of nanoparticles across the cell membrane occurs due to the presence of positive

ions or other variables on the surface of nanomaterials and the small size of the Cu

and ZnO nanoparticles (Verma et al. 2008; Nel et al. 2009). The precise mechanism

revealing the mechanism of toxicity of metal oxide nanoparticles still remains

unclear. However, four mechanisms potentially explain the pathways of cellular

toxicity of nanostructured Cu and ZnO after their entry into the cell: (1) oxidative

stress, (2) coordination effects, (3) contact killing, and (4) non-homeostasis effects

(Chang et al. 2012) as shown in Fig. 20.11.

Fig. 20.11 Mechanism of antimicrobial action of Cu–ZnO nanoparticle
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20.4.1 Oxidative Stress

The major toxicological mechanisms of ambient nanoparticles include generation

of reactive oxygen species (ROS) and induction of intracellular oxidative stress by

creating imbalance between oxidant and antioxidant processes (Chang et al. 2012).

Nanoparticles induce ROS generation in eukaryotic cells; these radicals cause

severe oxidation stress in the cells, affecting membrane lipids and altering the

structure of DNA and proteins. This excess radical production induces an inflam-

matory process that could lead to cell death.

20.4.2 Coordination Effects

Coordination and non-covalent interactions occurs directly due to the interactions

between metal oxide NPs and proteins in vivo or in vitro resulting in major

structural changes of proteins, reduction in protein function, decreasing the

α-helical content of free protein and many other protein abnormalities (Ueno

et al. 2007). Moreover, several biomolecule contains coordination atoms at their

active sites (mainly O and N atoms) that form chelates with Cu2+ and Zn2+ by

donating lone pair of electrons. The resulting NP-biomolecule coordination inacti-

vates the functional biomolecule by affecting the normal physiology process,

promoting cellular DNA damage, and then consequently resulting in cellular

toxicity (Rao et al. 2010). In addition, metal ions (Cu2+ and Zn2+) released by

NPs interacts with mRNA stabilizing proteins leading to degradation of cytoplas-

mic mRNA and hinder cellular transcription–translation processes (Soenen et al.

2010).

20.4.3 Contact Killing

The accumulation of the metal oxide nanoparticles in the bacterial membrane

results in membrane disorganization due to the subsequent release and binding of

metal ions to the membrane. However, the toxicity of nanostructured Cu and ZnO is

not directly related to their entry inside the cell, rather, to a certain extent, is related

to their close contact onto the cell causing changes in the vicinity of organism–

particle contact area. Nanoparticles fuse with microbial cell wall or membrane; b

nanoparticles bind to cell wall and release drug molecules, which will diffuse into

the interior of the microorganisms.
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This results in an increase of solubilization of metal and generation of ROS

leading to cell death (Walch et al. 2014). Santo et al. (2011) reported that the

primary targets for contact killing through surface-released copper ions are the cell

membranes. The metallic ions cause the inactivation of some enzymes (e.g.,

hydratase in E. coli) necessary for normal cell function and also damage the

exposed Fe–S clusters resulting in inhibition of bacterial cell growth (Macomber

and Imlay 2009).

20.4.4 Non-homeostasis Effects

Metal ions play important roles in maintaining homeostasis of organisms in an

independent manner and also keeping the composite functioning (Galhardi et al.

2005). However, any variation in local concentration of these metal ions disrupts

metal cation cellular homeostasis ultimately resulting in occurrence of toxicity. It

has been reported that the release of Cu2+ and Zn2+ ions by CuO and ZnO NPs

enhances the local concentration of intracellular metal ions accelerating induction

of high oxidative stress. This in turn alters the release rate of intracellular Ca2+,

which leads to mitochondrial perturbation, imbalance in cellular processes, and

ultimately cell death (Xia et al. 2008).

20.5 Photocatalysis

Photocatalytic activity of nanoparticles offers a promising method for waste water

treatment (Srinivasa et al. 2012). Methylene blue is one of the most common

organic pollutants discharged from the industries directly or indirectly into water

sources causing water pollution (Ameta et al. 2013). ZnO Nanoparticles exhibit

very good photochemical reactivity and efficiently degrading toxic water pollutants

released from textile and dying industries by utilizing natural source of energy and

sunlight. This is due to the presence of many active sites and fabrication of hydroxyl

radicals on ZnO surface (Baruah et al. 2009; Kajbafvala et al. 2012).

20.5.1 Cu-Doped ZnO

The photocatalytic activity was performed by employing the synthesized ZnO and

Cu-doped ZnO nanorods as photocatalysts in order to study the degradation of

aqueous solution of methylene blue dye. It is evident that Cu-doped ZnO nanorods

leads to more efficient degradation of MB for the same exposure time as compared

to pure ZnO. Figure 20.12a shows the degradation efficiency (ŋ) of both ZnO and

Cu-doped ZnO nanorods as a function of time (30, 60, 90, and 120 min). The
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percent degradation of MB under UV irradiations using ZnO nanorods was 41.2 %,

58.9 %, 71.8 %, and 80.0 %, respectively, at 30, 60, 90, and 120 min, respectively.

Interestingly, as compared to ZnO nanorods, Cu-doped ZnO nanorods exhibited

higher photocatalytic activity degrading the methylene blue upto 97.5 % of the

initial value at the end of 120 min. The percent degradation of MB using Cu-doped

ZnO nanorods was recorded to be 59.1 %, 77.3 %, 88.1 % and 97.5 % at 30, 60,

90, and 120 min, respectively. Study of the photo degradation kinetics of methylene

blue (MB) catalyzed by pure and Cu-doped ZnO nanorods are shown in

Fig. 20.12b. The photocatalytic activity follows the pseudo-first-order kinetics

and is given by

Ct ¼ C0e
�kt

Alternatively, lnC0/Ct¼ kt
where C0 is the initial concentration, Ct is the concentration after time t, and k is

the rate constant of pseudo-first-order reaction (Mohan et al. 2012a, b). A linear

relationship between ln (C0/Ct) and time (t) has been observed. The first-order

degradation rate constants for pure ZnO and Cu-doped ZnO are found to be

k ZnO¼ 0.0102min�1 and kCu/ZnO¼ 0.0301min�1, respectively. Thus, degrada-

tion rate of MB by Cu-doped sample is three times faster as compared to pure ZnO.

20.5.2 Biosynthesized ZnO

The photocatalytic activity was carried out by employing the biosynthesized ZnO

nanoparticles as a photocatalyst in order to study the degradation of aqueous
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solution of methylene blue dye. The photocatalytic process involves three steps

(1) generation of electron hole pairs, (2) separation of electron hole pairs, and

(3) surface redox reaction on the surface for the generation of highly active

hydroxyl (OH) radicals (Yu et al. 2013). These radicals act as powerful agents for

oxidizing dyes like MB when placed near the surface of the photocatalyst.

Figure 20.13a shows the absorption spectra of methylene blue taken at different

times (0, 30, 60, 90, 120, 150, 180 min). It has been observed that the characteristic

absorption peak of MB at 664 nm diminishes sharply after first 30 min, followed by

the gradual decrease with time (30–180 min) on exposure to UV light. The

degradation efficiency (n) of ZnO nanoparticles was plotted as a function of time

shown in Fig. 20.13b. The percent degradation of MB under UV irradiations was

49.6 %, 56.6 %, 62.1 %, 68.7 %, 76.2 %, 82.1 %, at 0, 30, 60, 90, 120, 150, and

180 min, respectively. Interestingly, Methylene blue was degraded to 50 % of its

initial value within first 30 min of exposure. This is in good match with the observed

decolorization of MB in first 30 min. At the end of the reaction (after 180 min), MB

was degraded to 82 % of its initial value. This study provides proof of concept for

ZnO nanoparticles to be used as efficient photocatalyst in environmental remedia-

tion applications.

20.5.3 Silver Photocatalysis

The photocatalytic activity of biosynthesized Ag NPs was evaluated by degrading

methylene blue (MB) dye under visible light irradiation. Since MB is a recalcitrant

organic molecule resistant to biological degradation and its presence in water

presents a serious threat to aquatic life, photocatalytic degradation of MB is both
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Fig. 20.13 (a) UV–Vis absorption spectra of methylene blue showing photocatalytic degradation

at different time intervals using biosynthesized ZnO NPs as a photocatalyst. (b) Photocatalytic

degradation efficiency of biosynthesized ZnO nanoparticles for methylene blue as a function of

time
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a challenge in itself and a useful model for other effluents and organic pollutants.

For the purpose of comparison, a series of control experiments such as degradation

in the absence of catalyst as well as degradation using commercial Ag NPs and bulk

Ag powder were also performed under identical conditions. The changes in the

optical absorption spectrum of MB dye at different time intervals are shown in

Fig. 20.14a. In the absence of Ag NPs, the MB dye concentration remains almost

unchanged after 30 min under visible light irradiation indicating that MB does not

self-degrade under these conditions (Fig. 20.14b). The kinetics of MB degradation

using different catalysts is presented in Fig. 20.14c. The observed kinetics was

found to follow a pseudo-first-order reaction that can be modeled as

C0=C ¼ Kabst ð20:1Þ

Fig. 20.14 Photocatalytic activity of C. pyrenoidosa-derived Ag NPs. (a) Degradation of meth-

ylene blue (MB) dye under visible light irradiation using biogenic Ag NPs; (b) Plot of MB

photodegradation versus irradiation time, as measured by optical absorption; (c) Plot of ln

(C/Co) versus irradiation time for degradation kinetics of MB using different Ag NPs. Linear

nature of the plots indicates a pseudo-first-order reaction (Aziz et al. 2015)
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where Kabs is the apparent rate constant (min�1), C0 is the initial concentration of

dye, and C is the concentration of dye at time t. It is worth noting that the dye

concentration in these experiments remains in the optical regime where the Beer–

Lambert law holds. The best-fit lines of ln(C0/C) versus time during 0–150 min are

plotted and presented in Fig. 20.14c. The near-linear nature of the data confirms that

the photo-degradation of MB using the aforementioned catalysts follows pseudo-

first-order kinetics. More importantly, the biosynthesized Ag NPs display superior

photocatalytic activity towards the degradation of MB as compared to the commer-

cially procured Ag NPs and bulk silver powder.

Another important real-world consideration for photocatalytic systems is its

long-term stability. The biosynthesized Ag NPs were engaged to degrade MB dye

for 150 min before the nanoparticles were removed and regenerated (heated to

100 �C for 60 min) and the process repeated for a total of five cycles. The

biosynthesized Ag NPs were found to possess remarkable photostability with

regard to photocatalytic degradation of MB dye, with less than 10 % decrease

from its initial activity during the photodegradation.

20.6 Photocatalysis Mechanism

20.6.1 Cu-Doped ZnO Nanoparticles

The mechanism of photocatalysis for pure and Cu-doped ZnO nanorods has been

illustrated in Fig. 20.15. ZnO has the source of electrons and holes for the degra-

dation of organic dyes. The electron gets excited from the valence band to conduc-

tion band by absorbing UV light equal or higher band gap energy than energy band

gap of ZnO. This leads to formation of holes in valence band with respect to the

electrons excited to conduction Band (Zhang et al. 2014).
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Znoþ hv ! e�CB þ hþVB

The oxygen vacancy defects Vþ
o (Singly ionized oxygen defects), Vþþ

0 (doubly

charged state), and doped Cu nanoparticles on the surface of ZnO acts as sink in

improving the generated electron–hole pair separation. The released electron from

the Valence Band reacts with acceptors (like molecular oxygen) forming super

oxide anion (Zhang et al. 2014; Leelavathi et al. 2013).

Vþþ
o þ e�CB ! Vþ

o

Vþ
o þ O2 ! Vþþ

o þ O�
2

Cu ! Cuþ2 þ 2e� orð Þe�CB
e� orð Þe�CB þ O2 ! O�

2 Super OxideAnionð Þ

Copper ion (Cu+2)even takes electrons from conduction band of ZnO decreasing

the electron–hole pair recombination making more holes possible for OH radical

formation.

2e�CB þ Cuþ2 ! Cu

The holes from valence band reacts with OH� (moisture in air) forming OH

(hydroxyl) radicals and reacts with H2O forming OH radical and H+ions

hþVB þ OH� ! OH0

hþVB þ H2O ! OH0 þ Hþ

The generatedO�
2 radical reacts with H2O forming H2O2; this further reacts with

electrons from conduction band forming more OHradicals (Arsana et al. 2012).

20.6.2 Silver Nanoparticles

The putative mechanism involved in the photocatalytic degradation of Ag NPs is

diagrammatically represented in Fig. 20.16. Here, the photocatalytic reaction is

initiated when a photoelectron is moved from the filled valence band of the Ag NPs

to the empty conduction band upon visible light irradiation, as long as the irradi-

ation energy (hν) is either equal to or greater than the band gap of Ag NPs. This

leaves behind a hole in the valence band (h+) and results in the formation of an

electron (e�)–hole pairs, which are powerful oxidizing and reducing agents, respec-
tively (Zhan et al. 2011; Das et al. 2011). The high band gap of the nanoparticles

leads to nonradiative recombination of electron and hole pairs (Danilczuk et al.

2006) that enhances the photocatalytic activity. Water, which is adsorbed on the
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surface of Ag NPs, traps the hole and gets oxidized to give hydroxyl radical.

Subsequently, electrons in the conduction band is taken up by oxygen, generating

anionic superoxide radical which takes part in further oxidation process but also

prevents the electron–hole recombination thus maintaining electron neutrality

within the Ag NPs. The superoxide further combines with proton to give (HOO.)

that ultimately generates H2O2, which in turn further dissociates into highly reac-

tive hydroxyl radicals (HO.). These radicals such as HO. and .O2- degrade MB by

interacting with the aromatic ring of the MB and opening the azo bond and

hydroxylated ring to yield CO2, H2O, SO4
2�, NO3�, and NH4

+ ions (Brillas et al.

2009; Liu et al. 2007).

20.7 Conclusion

In the present work, the antibacterial and photocatalytic activity of nanoparticles

was investigated. Engineered nanomaterials showed superior antibacterial action

against Gram-positive as well as Gram-negative bacteria. The antibacterial activity

of sample is elucidated using four main mechanisms: oxidative stress, coordination

effect, non-homeostasis, and contact killing. In addition, these nanoparticles had

shown better photocatalytic activity for degradation of organic water pollutants like

methylene blue.
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Chapter 21

Cryopreservation of Microorganisms

S.K. Singh and Abhishek Baghela

Abstract Microbes play vital roles in development of various disciplines of

science and becoming basis of bio-economy. They are included in approximately

20 categories of biological matter specified in standard text relating to Convention

on Biological Diversity (CBD). Conservation of these microorganisms has become

a topic of great concern worldwide, and various methods are being practiced for

long-term preservation and maintenance of these microorganisms to various

purposes. Several methods with modifications in recipes have been in use. Though,

no single method is complete for preserving all groups of microbes, their cryo-

preservation for long-term maintenance below –130 �C is generally regarded as

safe, barring a few exceptions. However, success of cryopreservation depends on

factors like type of materials, choice of the cryoprotectant, rates of cooling and

thawing, etc. Preservation of cultures between –190 and 196 �C either in liquid or

vapour phase (of liquid nitrogen) gives excellent results. This chapter deals with

one of the most reliable methods applying cryogenic technique of long-term

storage of microorganisms useful for small to large collections/bioresource cen-

tres, their advantages and disadvantages.

21.1 Introduction

On-going destruction of natural habitats necessitates development of alternative

strategies for conserving our natural wealth. The conservation of microbial genetic

resources by preserving live cultures in germplasm banks and dried/exsiccate

specimens in mycological herbaria (Hawksworth 1974) have been traditional

ways of long-term preservation. Conservation of microbial genetic resources on a

sustained basis has become a strategic requirement for supporting basic and applied
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research. Standard text of CBD also includes microbes as biological matter

(CGIAR 2001). Primary objectives of preserving and storing of microbial strains

are intended to maintain organisms in a viable state to ensure their morphological,

physiological, and genetic stability under laboratory conditions. This requires a

thorough understanding of the physiology and nutritional requirements of individ-

ual strains. Rates of mitotic recombination and mutation that correspond to cell

division are considered to influence metabolic activities of microbes (Jong and

Birmingham 1992). Minor variations in culture conditions, environmental param-

eters, and subsequent techniques can result in larger variations of their metabolic

profiles. Therefore, general laboratory/culture collections need to employ a stan-

dard mechanism to assess the effectiveness of preservation method (s) over meta-

bolic integrity of each and every strain, as a quality control measure. This is

accomplished by storage of microbial germplasm using various preservation

methods in practice that range from continual subculturing to the method of

halting/suspending the metabolism of particular strains under subzero temperature.

Survival ability of living organisms to freezing and thawing was realised for the

first time in 1663 when nematodes were frozen and revived (Morris 1981).

Though no single method is ideal for preserving all groups of microorganisms

including fungi, their maintenance under subzero temperature is generally regarded

as safe and reliable method, but with some exceptions. Most sporulating and

non-sporulating fungi that grow well in culture survive cryopreservation. However,

success of this method depends on several factors. The critical periods in cryopres-

ervation are during freezing and thawing processes. Principally, two types of

freezing protocols are recognized: a slow or controlled one and fast or uncontrolled

one. Both have been used, and their positive and negative impacts have been

reported from time to time. Generally, too low freezing rates are reported to

cause excessive dehydration, ultimately leading to cells damage; on the contrary,

too fast freezing leads to insufficient dehydration and formation of abundant ice

crystals having lethal consequences. In general, best results in the survival and

recovery of most microbial cultures have been obtained using a slow cooling rate

and rapid thawing.

21.2 Principle of Cryoprotection

In principle, cryopreservation is the use of ultra-low temperature to preserve intact

living cells and tissues. The cooling effect is important phenomenon, dominated

by the freezing of water, which results in the concentration of the solutes that are

dissolved in the remaining liquid phase. Incidence of freezing injury has been a

great concern, and general opinion has been developed that intracellular ice

formation is harmful, whereas extracellular freezing is comparatively harmless.

It has been reported that ice crystals pierce or tease through the cells, destroying

322 S.K. Singh and A. Baghela



them directly or indirectly via changes in the composition of the liquid phase

(Pegg 2007). Cooling rates, in this regard, play vital role on cell survival. The

extracellular ice formation some times becomes harmful as densely packed cells

are prone to damage by mechanical stresses within the channels where they are

sequestered. It is, however, advised to secure cell survival and to avoid damage to

the extracellular complex structure. Ice formation can be avoided up to some

extent by vitrification, but toxicity has the major concern. In view of these facts,

always there is a need of improving and optimizing preservation protocol, as

single method may not be applicable to all types of microbes. In case of fungi, it

has been observed that several strains of fungi show attenuation in their growth

when grown on solid nutrient media. In extreme conditions, it can result in

total loss.

Cryoprotection involves treatment of the cells or tissues to be preserved with

cryoprotectant solutes. In variable concentration, these solutes are considered as

driving force of movement of water by osmosis and of solutes by diffusion.

There are numerous barriers to the free diffusion of solutes which can result in

transient, and sometimes equilibrium, changes in compartment volumes, which

can be lethal. Therefore, diffusion and osmosis phenomena are important

and play vital roles in cryoprotection and found widespread application in

biology.

21.3 Use of Cryoprotectant

Report states that effectiveness of cryopreservation of microbes depends on species,

strain, cell size and form, growth phase and rate, incubation temperature, growth

medium composition, pH, osmolarity and aeration, cell water content, lipid content

and composition of the cells, density at freezing, composition of the freezing

medium, cooling rate, storage temperature and duration of storage, warming rate,

and recovery medium (Ashwood-Smith 1980; Calcott 1978; Day and McLellan

1995; Heckly 1978; Hubalek 1996; Kirsop and Doyle 1991; Kirsop and Snell

1984). One of the most important conditions is the composition of the medium

used for suspending organisms for freezing. Freezing damage, however, has been a

matter of great concern (Lovelock 1953; Polge et al. 1949) and has led to the devel-

opment of modern cryotechnology. However, freezing damage can be avoided by

using some compounds termed as cryoprotectant sometimes referred to as cryopro-

tective agent (CPA).

Cryoprotectant can be any additive, provided to cells before freezing, which

yields a higher post-thaw survival. Although a good survival of deep-frozen

microbes has occasionally been observed without a protective additive, the

presence of a suitable CPA is reported to increase the survival considerably.

Such additives simply increase total concentration of solutes in the system and
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substantially reduce the amounts of ice formation at any given temperature,

but in principle to be biologically acceptable, they must be able to penetrate

the cells and have low toxicity. Literature indicates that many compounds are

reported to have such properties and being practiced in many laboratories

and culture collections. These CPA can be classified in various ways, such as

either low-MW or high-MW additives (Nash 1966), depending upon the rate of

penetration, based on penetrating and non-penetrating cell wall and/or cell

membrane. Thus, three categories of additive might be distinguished (Tao and

Li 1986):

(A) Cryoprotectants penetrating cell wall and cell membrane

(B) Cryoprotectants penetrating cell wall but not cell membrane

(C) Cryoprotectants neither penetrating cell wall nor cell membrane

Polge et al. (1949) reported successful preservation of avian spermatozoa using

10–20 % of glycerol at –80 �C. Permeability of some of these solutes (e.g., glycerol)

depends on temperature and cell type, and some penetrating CPAs might be

regarded as low-permeable compounds under some circumstances. However,

other CPAs penetrate only the cell wall (CW) and not the cytoplasmic membrane

(CM). The penetrating CPAs usually include glycerol, methanol, ethanol, ethylene

glycol (EG), propylene glycol (PG), dimethylformamide, methylacetamide,

Me2SO, etc. Sucrose; lactose; glucose; mannitol; sorbitol; dextran; mono-, oligo-,

and polysaccharides; hydroxyethyl starch (HES); methyl cellulose; albumin; gela-

tin; other proteins; polyvinylpyrrolidone (PVP); polyethylene glycol (PEG); poly-

ethylene oxide (PEO); or polyvinyl alcohol are non-penetrating or nonpermeating

compounds (Jong and Birmingham 1992) that cause extracellular cryoprotection

when present at concentrations of 10–40 %. Among these CPAs, widely used are

glycerol and Me2SO. Glycerol has been frequently used in cryopreservation of

fungi while Me2SO is used for algae and protozoa. Similarly, methanol has been

widely used for the preservation of algae. Skimmed milk is the preferred CPA for

bacteria.

21.4 Removal of Cryoprotectants

Removal of CPA is an important step in process which can be achieved by

exposing the cells to a lower concentration of the compound. The mechanism

of osmotic uptake of water causes cells to swell or reach the final volume, and

then shrink as CPA moves out with sufficient water to maintain osmotic equilib-

rium. Therefore, it has been advised that rate of change of volume and the final

volume must be considered while standardizing protocols of recovering

cryopreserved cells/cultures (Pegg 2007).
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21.5 Adaptability of Microbes to Cryopreservation

ATCC implemented cryopreservation method in 1960 in large numbers of fungal

strain/species (Hwang 1960; Smith 1983). Later on, it was introduced to many other

collections, e.g., CAB International Mycological Institute (Onions 1971), IFO—

Institute for Fermentation Osaka (Ito 1996), etc. Subsequently, this method has

been successfully used for other group of microorganisms. Feltham et al. (1978)

reported use of glass beads at �76 �C for preservation of bacteria. The success of

this method depends on adaptability of different microbes to certain conditions like

specific temperature and CPA, etc.; therefore, adaptability of filamentous fungi,

yeast, and bacteria is provided here in brief.

Filamentous Fungi Preservation of filamentous fungi at the ultra-low tempera-

ture of –196 �C in liquid or vapor phase has been regarded as safe and one of the

best methods (Smith et al. 2001; Kirsop and Doyle 1991). With adequate care of

freezing and thawing, any phenotypic or genotypic changes can be avoided.

Optimization of the method for target fungal strain (s) has enabled successful

freezing of many recalcitrant fungi (Morris et al. 1988b). Cryopreservation of

fungi is in practice of many leading culture collections in the world as one of the

most reliable methods (Homolka 2013). Literature indicates that in beginning

researchers tried different options to cryopreserve spore suspension, mycelial/

vegetative culture, separately as well as in combinations, with or without a CPA,

and from time to time required improvements have been made in the method/

recipe (Hwang 1968; Stalpers et al. 1987; Chandler 1994). Recently, Homolka

et al. (2001, 2006) devised a method using perlite (aluminosilicate volcanic

mineral) as a carrier for fungal mycelia and successfully tested for preserving

basidiomycete strains. As most preferred condition, a cooling rate of –1 �C min–1

with use of 10 % (v/v) glycerol as a CPA is applied and reported to have good

impact on major group of fungi. The same protocol is followed in the author’s
laboratory for cryopreservation of fungi. However, there have been reports on

some members of the Basidiomycota and Oomycota that they do not survive

cryopreservation well compared to sporulating fungi. Hence, species-specific

standardization of cooling rates and use of CPA may provide improved viability.

Therefore, finding the optimum cooling rate and choice of cryoprotectant (s) has

always been the subject of intense research (Smith 1993; Hwang 1966; Morris

et al. 1988b; Smith and Thomas 1998). Choice of cryoprotectant is a matter of

experience which varies according to the organism. Glycerol is considered to

provide satisfactory results. Dimethyl sulfoxide is often more satisfactory (Love-

lock and Bishop 1959; Hwang and Howells 1968; Hwang et al. 1976), but is

often toxic to sensitive organisms. Sugars and large molecular substances such as

polyvinylpyrrolidine (Ashwood-Smith and Warby 1971; Smith 1983) have been

used, but are less effective hence least preferred.
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21.6 Recalcitrant Fungi and Their Preservation

Fragmentary report reveals nonconventional uses of cryotechnique, which include

preservation of fungal species with their host. Fungi such as unculturable, obligate

parasites, mutualists, etc., that are difficult to maintain in a living state can be

preserved using this method. Some important recalcitrant fungi, viz.,

Halophythophthora, Saprolegnia, and Aphanomyces spp., microcylic rust fungi,

some members of Basidiomycota, and the Glomeromycota can be preserved.

Techniques used to preserve these fungal taxa include encapsulation and vitrifica-

tion (Ryan and Smith 2004; Benson et al. 1996; Benson 1994). The use of

encapsulation (immobilization) cryopreservation (Benson et al. 1996), involving

entrapment of mycelium/spores in calcium alginate beads prior to preservation, is

well documented, for example, Serpula lacrymans (Ryan 2001) and monoxenically

produced spores of Glomeromycota (Declerck and Coppenolle 2000). In vitrifica-

tion highly concentrated CPA solutions are applied to organisms of different cell

types, especially plant cells, and it does not require controlled cooling. Samples are

plunge cooled, with the vitrification solution that prevents onset of concentration

effects/ or ice damage. For resuscitation from frozen state, care is taken to ensure

that samples do not ‘crack’, which otherwise could cause physical damage to the

mycelium. Samples must be immediately washed to remove the vitrification solu-

tion, as it is toxic to the fungi. Number of fungi has been preserved by this technique

(Ryan and Smith 2004), though routine use of this technique is not advised due to

toxicity. Both the techniques show significant potential for preserving recalcitrant

fungi that could otherwise not be stored on long-term basis. However, the use of

these techniques (for fungi) is still under active investigation and therefore not

broadly tested, leaving ample scope to standardize the protocol for different group

of recalcitrant fungi.

21.6.1 Yeast

Compared to the filamentous fungi, cryopreservation of yeast can be achieved by

making suspension in glass ampoules, mostly in the liquid phase of the nitrogen.

However, literature also suggests alternative method of storing yeast suspensions

in vapor phase of the liquid nitrogen. The later method has been considered to

provide security and extra protection against leakage of liquid nitrogen into the

ampoules and contamination, and it saves storage space (Gilmour et al. 1978). This

method was for the first time used for artificial insemination. Modification and

refinement in principal method of cryopreservation have been continuing; there-

fore, variations in protocol and recipe are prevalent. Several yeast genera are

reported to have low survival levels with difficulty in successfully freeze-drying,
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including Lipomyces, Leucosporidium, Rhodosporidium, etc. The % viability in

liquid phase has been reported more (more than 30 %) than in vapor phase.

However, certain improvements in protocol have been tried by the researchers,

viz., several culture collections uses trehalose as a protectant (Berny and

Hennebert 1991; Roser 1991), and certain changes occur in the cells and their

immediate environment (Pearson et al. 1990). Extracellular ice formation has been

reported as the cells lead to dehydration and shrinkage (Diller and Knox 1983;

Morris et al. 1988a). Cell shrinkage during freezing is considered very important

phenomenon to prevent cellular damage, highly affected by cooling rate. During

rapid cooling, cell gets insufficient time to dehydrate leading to intracellular ice

formation causing damage to cell organelles (Morris et al. 1988a). There are

reports indicating occurrence of genetic damage, if the nucleus disrupted (Pearson

et al. 1990; Calcott et al. 1983).

21.6.2 Bacteria

Cryopreservation of bacteria is not routinely undertaken in some collections, while

others use this method for bacteria, especially which do not survive freeze-drying.

The glass beads method has been used in a few collections for years together.

Except certain obligate methylotrophic bacteria that were found to lose viability

during storage over liquid nitrogen, no problems have been encountered with most

bacterial genera.

21.7 Protocols

Considering reliability of cryopreservation for long-term storage of important

microorganisms, modifications in different protocols have been reported (Kirsop

and Snell 1984; Smith and Onions 1980, 1983; Elliott 1976; Stalpers et al. 1987) in

order to make it suitable with available equipment, preference of materials, or the

type of organism. Graphical presentations (flow chart) of a simplified protocol are

provided at the end (Boxes 21.1 and 21.2), which are applicable to cryopreservation

of filamentous fungi (Nakasone et al. 2004; with some modifications), yeasts (Bond

2007), and bacteria (Hoffmann 1989; Malik and Claus 1987). Protocol provided for

fungi is also being practiced for conserving fungi at National Fungal Culture

Collection of India (NFCCI-WDCM 932).
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Box 21.1

Plugs are cut with flame sterilized cork 

borer & aseptically transferred to cryovials 

containing 10% glycerol labelled using 

cryomarker

Quality check is done by slide preparation 

and microscopy

Cultures are grown on PDA or MEA plates

Place the tightly capped cryovials in 

Nalgene freeze containers filled with 

isopropanol

Nalgene ® freeze containers are kept in -

70°C deep freezer for 4 hrs.

It allows freezing of samples with nearly 

1°C/min cooling rate

Transfer the frozen cryovials to pre-cooled 

(-70°C) cryoboxes and stored at -70°C 

until the box is filled to max capacity

Labelled cryoboxes and/or cryocanes are 

then transferred to respective racks and 

placed in the cryocan filled with liquid 

nitrogen

-70°C Deep 
Freezer 

Protocol for preservation of 
fungal cultures in liquid 

nitrogen
(CRYOPRESERVATION)
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Box 21.2

Mix equal amounts of inoculum and 

glycerol cryoprotectant solution aseptically 

in cryovials labelled using cryomarker

Quality check is done by slide preparation

and microscopy

Grow the culture to be frozen in 10 mL of 

YM broth for 72 h at 25°C on a shaker

Place the tightly capped cryovials in 

Nalgene freeze containers filled with 

isopropanol

Nalgene freeze containers are kept in -

70°C deep freezer for 4 hrs.

It allows freezing of samples with nearly 

1°C/min cooling rate

Transfer the frozen cryovials to a pre-

cooled (-70°C) cryobox and stored at -

70°C until the box is filled to max capacity

Labelled cryoboxes are then transferred to 

respective racks and placed in the cryocan 

filled with liquid nitrogen

Protocol for preservation of 
Yeast in liquid nitrogen

(CRYOPRESERVATION)

Protocol for preservation of 
Bacteria in liquid nitrogen
(CRYOPRESERVATION)

Inoculate bacterial culture (s) in suitable 

liquid media

Incubation

Harvest bacterial cells by centrifugation 

Prepare concentrated suspension of 

bacterial culture. 

Mix with pre-cooled cryoprotectants (10-

20% glycerol/10% DMSO) in 1:1 (v/v) 

ratio

Equilibrate for 15-30 minutes in ice bath

Fill the ampoules/cryovials (for anaerobic 

bacteria oxygen free syringes are used to 

inject cell suspension in to the ampoules)

Place filled-in cryovials in suitable rack/ 

cryo-container 

Store rack/cryo-container in liquid 

nitrogen 

Note: Sometimes glass beeds coated with desired 

bacterial suspension in 10% glycerol is used for 

cryopreservation preferably in vapour phase 
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21.8 Viability Testing

It is always advised to record observation on viable cells before and after applying

any preservation methods for comparative analysis and consideration of its suit-

ability. There may be different ways to take observations. The simplest method is to

examine cells microscopically in a counting chamber using vital stains. Other most

common way to take this observation is to add 1 mL of original cell suspension to

9 mL of sterile distilled water. After making further dilutions upto10–6, transfer

0.5 mL from each of dilutions of 10–6–10–3 onto suitable agar/nutrient medium. In

case of filamentous fungi, PDA may be used as general medium. After incubating

the inoculation plates at optimal temperatures recommended for a specific group of

organism, viz., 25 �C for 72 h, or longer for fungi, observations are recoded as cell

counts. After preservation, recovered viable cells were counted by adding two drops

of the thawed cell suspension (0.06 mL) to 0.54 mL of sterile, distilled water. From

this stock (10–1 dilution), additional dilutions up to 10–6 dilutions may be prepared,

then inoculate 0.5 mL suspension from desired dilution on suitable agar/nutrient

medium plates, incubate at optimal temperature recommended for a particular

group of fungi, and record the cell counts. The percentage viability of the culture

is calculated and recorded.

21.9 Growth, Morphology and Inventory

After viability testing, the selected strain (s) is grown to its optimal conditions and,

if required, on different agar media in order to check overall growth behaviors and

comparative analysis of pre-freezing morphological characteristics with post freez-

ing characteristics. Any changes in morphology and growth behaviors are recoded,

and data are stored safely for future comparative analysis.

Making inventory of cryopreserved samples is an important task required by

culture collections for easy storage and retrieval of strains using different types of

storage tanks. Considering sensitivity of the method, it is generally advised to

maintain strains at least in duplicate sets separately in two storage tanks. It

sometimes depends on the size of the collection. Since different types and ranges

of materials used in cryopreservation are available like storage boxes, canisters,

racks, straw, and cyovials, a suitable and easy to use inventory is necessary to

prepare and maintain as per requirement by the individual collection.

21.10 Advantage and Disadvantage

Storage of cultures in liquid nitrogen, although technically simple, can involve

relatively high running costs because of the necessity of regular filling of the

containers with liquid nitrogen. The initial cost of the equipment is comparable to
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that used for freeze-dying, but the costs and problems associated with the handling

of liquid nitrogen have led some collections to seek alternatives. However, for most

workers, the technique of liquid nitrogen storage is convenient, well tried, tested

and unlikely to be superseded in the near future.

21.11 Common Considerations/Important Tips!!

• Use of polystyrene foam box provides insulation for 1 �C/minute cooling

• Use standard cryovials

• Polypropylene cryovials are resistant to cracking at ultralow temperature.

• Some repositories prefer glass cryovials

• Use an alcohol resistant cryomarker for proper labeling

• Use standard cryolebel

• Size of agar plugs should be less than diameter of mouth of cryovials

• Prior to opening, for revival of preserved strain (s), disinfect the surface of

cryovials by dipping in alcohol.
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Chapter 22

Microbial Cultures: Maintenance,

Preservation and Registration

Sushil K. Sharma, Roshan Kumar, Anukool Vaishnav, Pawan K. Sharma,

Udai Bhan Singh, and Arun K. Sharma

Abstract Microorganisms account for major biomass on the Earth and play an

important role in biogeochemical processes that are important for survival of all

forms of life on this planet. In this context, the conservation of microbial commu-

nities and their ecosystem should be given high priority. Microbiologists have

always thought of preservation of culturable microbial diversity in adequate manner

without changes in morphological, physiological, and genetic traits. Culture col-

lections (ex situ conservation), also known as microbial resource centres (MRCs),

have made huge contributions in storage and preservation of all kinds of microor-

ganisms. In this chapter, we have discussed ex situ preservation methods of

microorganisms followed in National Agriculturally Important Microbial Culture

Collection (NAIMCC) and other culture collections across the world. Four inter-

national culture collections and seventeen (17) national culture collections having

either status of International Depository Authority (IDA) or National Biodiversity

Authority (NBA) or both have been discussed in this chapter. This chapter also

highlights short-, medium-, and long- term methods used for the preservation of

microorganisms along with some latest techniques such as Sordelli’s method,

vitrification, and encapsulation. Some critical factors that affect the cell survival

and recovery during the process of preservation have also been incorporated. In

general, description of NAIMCC with its infrastructure and activities including

registration of elite microbial germplasm has been highlighted for benefits of

researchers, farmers, and industries of India and abroad.
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22.1 Introduction

Microorganisms, the oldest formof life on earth, constitute a total number of 5 � 1030

cells which contribute a biomass of 104.9 � 1015 g of carbon (Scharf 2009).

Microorganisms, including bacteria, archaea, fungi, and protists, are so tiny that

they cannot be seen by the naked eye. Archaea are bacteria-like creatures that have

some specific traits not found in any true bacteria. Protists include primitive algae,

amoebas, slime moulds, and protozoa. Viruses are considered to be on the border-

line between living organisms and nonliving things. They are abundant in nature,

have plasticity in their genomes to adapt to varying environmental conditions, and

have diversity in their mode of nutrition. In the lithosphere, microbes possess the

remarkable property to utilize both organic and inorganic substances as nutrient for

their growth and development. They occupy an important place in every walk of

human life. In the air we breathe, the surface on which we walk, the food we eat,

everywhere in our surroundings, as well as inside our body, trillions of microor-

ganism are present. A spoonful of garden soil contains 1,000,000,000 (109) bacte-

ria, 120,000 (1.2 � 105) fungi, and 25,000 (2.5 � 104) algae of more than hundred

types. They have become so innate part of our system that life without them seems

to be impossible. Plants will fail to grow in spite being provided with nutrients

and stinking waste of our homes will not decay and will be left out with less

oxygen to breathe. Microbial decomposition is important in maintaining the bal-

ance of nature. Without decomposition by microorganisms, the cycling of impor-

tant elements like carbon, nitrogen, sulphur, iron, oxygen, and hydrogen would be

impossible. There are many such activities to count which shows microbes are vital

for life on earth.

Some microorganisms are our friends and others are foes. They are often

referred to as useful microorganisms and harmful microorganisms. Useful micro-

organisms are non-pathogenic and produce wonder drugs that control various

ailments and useful products like enzymes, amino acid, vitamins, alcohol, etc.

Microbial nitrogen fixation process fixes 255 � 106 metric tonnes nitrogen each

year utilizing free atmosphere nitrogen (Shridhar 2012). Microorganisms are

involved in nutrient flux in the biosphere by participating in various processes

such as rock weathering, organic decomposition, and transformations of a range of

essential elements. Harmful microorganisms that cause deadly diseases in plants,

animals, and humans are often referred as pathogens.

Microorganisms are responsible for existence of life on the Earth by their

contribution in various ways. Realizing the potential of microorganisms and loss

of biodiversity under the changing climatic conditions, many countries have devel-

oped repository and begun conservation of microbial wealth of the world for their

utilization in agriculture and industry for fulfilling the needs of society.

336 S.K. Sharma et al.



22.2 Microbial Conservation and Preservation

Conservation is the act of preserving, guarding, or protecting. The objective is to

protect microorganisms from being lost or damaged from something which can

harm it. Conservation maintains the quality constant throughout the physical and

chemical reactions or evolutionary changes. Microorganisms are dominating life on

Earth; these are the only biological entities that persist in the deep subsurface,

where multicellular organisms cannot persist. Microorganisms play an important

role in forming the base of food chain, biogeochemical transformation, biosphere

health, and ecosystem. In addition, microbial diversity has huge resources of value

for the pharmaceutical, biotechnology, and food industries. The loss of microbial

diversity involves a loss of potentially valuable resources on which human popu-

lation is dependent. However, the attention toward microorganism’s conservations
has not received much impetus. One reason to conserve and protect microorganisms

is that our survival depends on them. A challenge for microbial conservation is to

conserve individual species in the natural environment. Individual species or strains

can be preserved by isolation and culturing ex situ in culture collections. Another

challenge is the protection of ecosystem diversity. Microorganisms are evolving

rapidly and have a tendency to exchange genetic information. Prakash et al. (2013)

have suggested that the protection of large areas of a habitat is required to maximize

the conservation of the microbial diversity. There are two types of strategies (in situ

conservation and ex situ preservation) that help to improve the incorporation of

microbial communities and ecosystems into conservation agenda. Isolation, han-

dling and preservation of microorganisms in the culture collections is known as ex

situ preservation which is widely being followed throughout world.

22.2.1 In Situ Conservation

In situ conservation includes on-site conservation of the microbial flora along with

their ecosystem and habitat and the maintenance as well as recovery. Conservation

of all subsets of life existing in interplaying networks leads to enhanced necessity

for preservation of microbes. Microbes loose important traits with time either by

mutation or loss of certain genes. They comprise the greatest numbers of individual

organisms on earth and only small fractions of them are known to us (Cockell and

Jones 2009; Olembo and Hawksworth 1991). Most of them cannot be cultured

using currently available techniques, and thereby their conservation in their niche is

utmost important. Torrential rains wash out surface soil resulting in adverse effects

on inhabitant microflora. Further, avoiding pollution of water bodies such as

oceans, river, or lakes can lead to preservation of phytoplanktons, zooplanktons,

and other floating microbes. National Biodiversity Authority in India is emphasiz-

ing in situ conservation of biological resources including microorganisms.

Weinbauer and Rassoulzadegan (2007) highlighted about microbial extinctions

22 Microbial Cultures: Maintenance, Preservation and Registration 337



and suggested to conserve microorganisms closely associated with plants and

animals that are at risk of extinction, especially inhabiting an endemic environment.

A possible example is Sulfolobus species, heat-loving microorganisms that inhabit

in hot springs. Another motivation for conservation of microorganisms of specific

taxa is that they produce potentially important products such as secondary metab-

olites with pharmaceutical applications and novel enzymes that have higher toler-

ance capacity against diverse environment. For example, Thermus aquaticus, a
thermophilic bacterium, produce a heat-resistant polymerase enzyme that is being

used in polymerase chain reaction.

Microbial conservation efforts should also lead to the protection of habitat that is

responsible for operation of specific function in ecosystem and similar community

could be developed to perform certain functions in future. The plant and animal

cannot survive in the extreme environmental conditions but microorganisms live

happily there. Microbial conservation in Antarctica has been recognized as an

important priority to protect biodiversity and their biotechnological potential

(Prakash et al. 2013). An example of this category is Endoliths that inhabit the

rocks on extreme environments, such as Antarctica. Dry Valleys or deserts around

the world may receive special protection (Vincent 2000). Gerrath et al. (2000)

suggested the conservation of the rock-dwelling microbial communities of the

Niagara Escarpment, Canada. Some microbial ecosystems require specific physical

and chemical conditions that need attention for conservation. For example, the

protection of microbiota present nearby or in lakes is dramatically affected by

changes in water geochemistry (Allgaier et al. 2007).

22.2.2 Ex Situ Preservation

Ex situ preservation of microorganisms by individuals and institutes/organizations

is a good effort that incorporates the microbial taxa and communities into preser-

vation programme. Proper maintenance and preservation of microorganism’s ex

situ requires a superior laboratory facility with all the requisite equipments. This

strategy includes the gene banks, culture collections, and microbial resources

centers making the repository for microbial isolates and keeps away from the

time-consuming re-isolation protocols. Conservation of microorganisms through

preservation approach is supported by the World Federation for Culture Collection

(WFCC) and Directory of Collection of Cultures of Microorganisms. In India, this

work is being carried out under the aegis of Ministry of Agriculture & Farmers

Welfare, Ministry of Environment, Forests and Climate Change, Department of

Science and Technology, Department of Biotechnology and Department of Agri-

cultural Research and Education. The ex situ collections of microorganisms are an

essential resource for the future as these are linked to the research programmes and

developmental aspects of the country. Regular funding for collection centers and

emphasis on education and research will broad the base of microbial

diversity research.
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22.3 Culture Collections

In general, diverse group of microorganisms are deposited in the culture collec-

tion centers to preserve the natural treasure ex situ. Culture collection centers act

like a repositories which acquire, authenticate, preserve, catalogue, supply viable

cultures of standard reference microorganisms, and provide related services to

the research institutes, universities, and colleges. Furthermore, culture collec-

tions have crucial role to play as part of patent deposits, providing confidential

services for research and industries (Overmann 2015). In most of the cases,

microorganisms reported in the scientific papers require prior submission of

cultures to a culture collection which revalidates the authenticity of the culture

obtained from the researchers (Sharma and Shouche 2014; Smith 2003; Uruburu

2003).

Globally, some of the microbial culture collections acquired the status of

International Depository Authority (IDA) for the purpose of patent under the rule

of 13.2(a) of the regulations under Budapest Treaty. Currently, this facility is

available in 23 countries worldwide at 45 culture collection centers, list and the

details of which are available on website of World Federation for Culture Collec-

tions (WFCC). In India, only two culture collections have acquired the status of

IDA as given below (Sharma and Shouche 2014):

1. Microbial Type Culture Collection and Gene Bank (MTCC), CSIR-Institute of

Microbial Technology (IMTECH), Council of Scientific and Industrial

Research, Chandigarh, U.T., India

2. Microbial Culture Collection (MCC), CSIR-National Centre for Cell Sciences,

Pune, Maharashtra, India

Under the Budapest Treaty, international recognition is given to some culture

collections for patent purpose. This treaty is an international treaty signed in

Budapest, Hungary, on April 28, 1977. It entered into force on August 9, 1980,

and was later amended on September 26, 1980. The treaty is administered by the

World Intellectual Property Organization (WIPO). Till 2014, 79 countries were

party to the Budapest Treaty. The accession to the Treaty is open to states party to

the Paris Convention for the protection of industrial property of 1883. The African

Regional Industrial Property Organization (ARIPO), the Eurasian Patent Organi-

zation (EAPO), and the European Patent Organisation (EPO) have filed a declara-

tion of acceptance under Article 9(1) (a) of the Treaty.

The treaty allows “deposition of microorganisms at an international depositary

authority recognized for the purpose of patent procedure”. Usually, in order to meet

the legal requirement of sufficiency of disclosure, patent applications and patents

must disclose in their description the subject matter of the invention in a manner

sufficiently clear and complete to be carried out by the person skilled in the art.

When an invention involves a microorganism, completely describing the said

invention in the description to enable third parties to carry it out is usually

impossible. That is why, in the particular case of inventions involving
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microorganisms, a deposit of biological material must be made in a recognized

institution. The Budapest Treaty ensures that an applicant, i.e. a person who

applies for a patent, need not deposit the biological material in all countries

where he/she wants to obtain a patent. The applicant needs only to deposit the

biological material at two recognized institutions (one in own country and another

outside country), and this deposit will be recognized by all countries party to the

Budapest Treaty.

22.4 International Culture Collections

Preserving microbial wealth for future use is the main concern today. The useful-

ness of potential microorganisms must be exploited in different areas. Culture

collections play a very important role in providing microbial resources for the

research work and industrial uses. Potential microorganisms are exploited in the

industries for the production of vivacious drugs and products for application in

agriculture. The Convention on Biological Diversity (CBD) allows sustainable use

of potential microorganisms. In 1963, the World Federation for Culture Collections

(WFCC) was established with concern for collection, authentication, maintenance,

and distribution of cultures and related services, to provide liaison and set up and

information network between the collection centers and provide long-term endur-

ance of important collections and pioneer the development of an international

database on culture resources worldwide. This data centers is now maintained at

National Institute of Genetics (NIG), Japan. WFCC is a culture collection informa-

tion web portal that manages the information regarding the culture collections

registered worldwide and is governed by the World Data Centre for Microorgan-

isms (WDCM). According to this web portal, there are a total of 712 culture

collections registered across 73 countries and region with a total number of

2,549,969 (twenty five lakhs forty nine thousand and nine hundred sixty nine)

microorganisms. A rank-wise list of countries with their microbial holdings is

given in Table 22.1. Some internationally known culture collections are discussed

hereunder.

22.4.1 American Type Culture Collection (ATCC), USA

ATCC is an independent, private, non-profit biological resource centers (BRC) and

research organization established in 1925. ATCC authenticates microorganisms

and cell lines, and manages logistics for long-term preservation and distribution of

cultures to the scientific community. As a research organization, ATCC works to

generate new knowledge and technology, as well as to continuously improve its

function as Biological Resource Centers (BRCs). The scientists of ATCC develop

new in vitro model systems, describe new species, search for new disease
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biomarkers and build bodies of characterization data for valuable biological mate-

rials. In addition, they study improved methods for characterization, long-term

preservation and proper authentication of biological materials.

22.4.2 Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH (DSMZ), Germany

Leibniz Institute DSMZ–German Collection of Microorganisms and Cell Culture is

one of the largest bioresources centers worldwide. Its collections currently com-

prise almost 40,000 items, including about 20,000 different bacterial and 5000

fungal strains; 700 human and animal cell lines; 800 plant cell lines; 1000 plant

viruses and antisera; and 4800 different types of bacterial genomic DNA. All

biological materials accepted in the DSMZ collection are subject to extensive

quality control and physiological and molecular characterization. In addition,

DSMZ provides an extensive documentation and detailed diagnostic information

on the biological materials. The unprecedented diversity and quality management

of its bioresources render the DSMZ an internationally renowned supplier for

science, diagnostic laboratories, national reference centres, as well as industrial

partners.

The trans-sectorial research of the DSMZ focuses on (1) microbial diversity and

the underlying evolutionary mechanisms (genome evolution, population genetics),

(2) improved methods for the access and ex situ preservation of biodiversity, as well

as (3) molecular mechanisms of biological interactions (symbioses, mechanisms of

disease, cancer). DSMZ maintains specific expertise and offers counselling in the

areas: (1) microbial taxonomy, phylogeny and species description, (2) standardiza-

tion and quality assurance of bioresources, (3) biosafety and biosecurity, and

(4) legal framework for the exploitation of bioresources (patenting, convention on

biological diversity, access and benefit sharing).

Table 22.1 List of countries

with total microbial cultures

holdings

Rank Countries and regions Total holding

1 United States of America 2,61,637

2 Japan 2,54,830

3 India 1,94,174

4 China 1,87,661

5 Korea 1,14,494

6 Brazil 1,02,066

7 Thailand 99,376

8 Germany 95,593

9 Netherlands 93,421

10 Denmark 88,566
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22.4.3 Commonwealth Agricultural Bureau International
(CABI), UK

The CABI is an international not-for-profit organization that improves people’s
lives by providing information and applying scientific expertise to solve problems

in agriculture and the environment and was established in 1910. Besides knowledge

sharing and science, CABI helps in addressing issues of global concern such as

improving global food security and safeguarding the environment. They do this by

helping farmers grow more and lose less of what they produce, combating threats to

agriculture and the environment from pests and diseases, protecting biodiversity

from invasive species, and improving access to agricultural and environmental

scientific knowledge. The CABI has 48 member countries guide and its areas of

work are development and research projects, scientific publishing and microbial

services. Its registered office is situated in Egham, England. CABI housed a

collection of over 28,000 living strains including the UK National Collection of

Fungus Cultures. The culture collection contains over 6000 species isolated from

environmental and agricultural systems worldwide. It supplies authenticated refer-

ence, type and test strains to businesses and research establishments. CABI main-

tains ISO846, BS2011 Part II j and Mil Std 810G test strains from the European, the

UK and US testing standards, and holds many other test and challenge strains.

22.4.4 China Centre for Type Culture Collection (CCTCC),
China

China Type Culture Collection (China Centre for Type Culture Collection, referred

CCTCC) was established in 1985 by the State Intellectual Property Office (formerly

the Chinese Patent Office). The CCTCC deposits microorganisms including bacte-

ria, actinomycetes, yeasts, fungi, unicellular algae, human and animal cell lines,

genetically modified cells, hybridomas, protozoa, lichens, plant tissue culture, plant

seeds, animal and plant viruses, phages, plasmids, and gene libraries and other types

of microorganisms (biomaterials/species). The CCTCC union got International

Depository Authority, IDA recognition on July 1, 1995. It preserves all kinds of

cultures from 22 countries, where more than 3800 are patent culture strains, more

than 15,000 strains of generic culture, 1000 culture of microbial type strains, more

than 1000 strains of animal cell lines, and more than 300 strains of plant and animal

viruses.
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22.5 Indian Culture Collections

India is one of the hotspots of biodiversity in the world owing to its varied climatic

conditions and has been divided into 22 agrobiodiversity hotspots. The convention on

biological diversitywas signed at Rio in 1992.Microbial diversity analysis is a dynamic

area of research as it provides vast data which can be useful in agriculture and industry.

At present, only fraction of microbial life (less than 5 %) is known and explored.

Richness of microbial diversity is one of the reasons why we are at second position in

the total number of holding of microbial cultures. In India, there are 29 culture

collections registeredwith theWFCC, but not all are functional nowand fewcollections

are preserving only a fewmicroorganisms. The major culture collections recognized as

DesignatedRepositories (DRs) byNationalBiodiversityAuthority (NBA) andMinistry

of Environment, Forests & Climate Change for microorganisms are as follows:

22.5.1 Microbial Type Culture Collection and Gene
Bank (MTCC), CSIR-IMTECH, Chandigarh

The Microbial Type Culture Collection and Gene Bank (MTCC), a national facility

established in 1986, is funded jointly by the Council of Scientific and Industrial

Research (CSIR) & Department of Biotechnology (DBT), Government of India. It is

well equipped with the modern facilities and is housed in the Institute of Microbial

Technology (IMTECH), Chandigarh. It is an affiliate member of theWorld Federation

for Culture Collections (WFCC) and is registered with the World Data Centre for

Microorganisms (WDCM). The main objectives of this national facility are to act as a

depository, to supply authentic microbial cultures, and to provide related services to

the scientists working in research institutions, universities, and industries. MTCC was

recognized by theWorld Intellectual Property Organization (WIPO), Geneva, Switzer

land, as an International Depository Authority (IDA) on 4 October, 2002, thus becom-

ing the first IDA in India, seventh inAsia, and thirty-fourth in theWorld. The deposit of

microorganisms under the Budapest Treaty is recognized to fulfil the requirement of

patent procedure in 55 member countries. Presently, MTCC has five sections, Actino-

mycetes, Bacteria, Fungi, Yeasts, and Plasmids and holds over nine thousand cultures.

22.5.2 Microbial Culture Collection (MCC),
DBT-NCCS, Pune

Microbial Culture Collection (MCC) is located at National Centre for Cell Science,

Pune. The MCC was established by the Department of Biotechnology (DBT), Gov-

ernment of India, in 2007. In April 2011,MCCwas recognized by theWIPO, Geneva,

Switzerland, as an International Depository Authority (IDA) for the deposit of patent
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microorganisms under the Budapest Treaty and also as a Designated National Repos-

itory by the Ministry of Environment, Forests and Climate Change. MCC holds the

largest collection of microorganisms in India and second largest in the world but all of

them are not characterized. The main objective of this collection center is isolation,

identification, preservation of microorganisms from various niches, development of

new strategies for isolation of “uncultivable” microorganisms, and providing consul-

tation services for patent deposits, preservation, propagation, biodeterioration, indus-

trial problems, biosystematics, and microbial biodiversity issues, etc.

22.5.3 National Agriculturally Important Microbial Culture
Collection (NAIMCC), ICAR-NBAIM, Maunath
Bhanjan

Indian Council of Agricultural Research (ICAR) has established ICAR-National

Bureau of Agriculturally Important Microorganisms (ICAR-NBAIM) at old build-

ing of National Bureau of Plant Genetic Resources, New Delhi with aim for

exploration, collection, maintenance, preservation and supply of microorganisms

of authentic microbial cultures to researchers, farmers and industry Subsequently,

the Bureau was shifted to present location, Maunath Bhanjan, Uttar Pradesh, on 1st

June 2004. National Agriculturally Important Microbial Culture Collection

(NAIMCC) was established in same year as a Unit of ICAR-NBAIM. The objec-

tives of NAIMCC are to serve as National Repository to conserve agriculturally

important microbial germplasm and to provide reliable microbial cultures along

with other services to teaching and research institutions, farmers, and industry. The

NAIMCC is working in accordance with the guidelines of the World Federation for

Culture Collections (WFCC). It has been an affiliate member of WFCC since 2014

with World Data Centre for Microorganisms (WDCM) with Reg. No 1060. The

NAIMCC has microbial holdings of more than 6000 AIMs including bacteria and

actinomycetes (2202), fungi (3690), and cyanobacteria (152).

22.5.4 Indian Type Culture Collection (ITCC), ICAR-IARI,
New Delhi

A national herbarium established by Sir. Edwin John Butler at Pusa, Bihar, in 1905

was later shifted to Indian Agricultural Research Institute in 1934. The Herbarium

Cryptogamae Indiae Orientalis (HCIO) is the oldest fungal herbarium in India for

preserving the fungal biodiversity in the form of specimens. The Indian Type

Culture Collection (ITCC) was established in 1936 with a view to conserve,

catalogue, identify, and furnish the knowledge on living fungi and bacteria. It is

the oldest fungal genetic resource centre in India. More than 50,000 fungal disease
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specimens at HCIO and 3900 microbial strains/isolates at ITCC which includes

plant pathogens, biocontrol agents, fungi for medical and industrial use including

mushrooms and yeasts from various ecological niches like soil, plant, forests, and

insects, etc., are being conserved and maintained. The main objective of HCIO and

ITCC is to act as repositories for diseased specimens, and fungal and bacterial

cultures, respectively, and to provide services, viz., supply and identification of

fungal and bacterial cultures to various technocrats and scientists working in

research institutions, universities, and commercial organizations.

22.5.5 Centre for Conservation and Utilisation of Blue Green
Algae (CCUBGA), ICAR-IARI, New Delhi

The Center for Conservation and Utilization of Blue Green Algae (CCUBGA) is

established in Microbiology division of IARI, New Delhi. The CCUBGAwithin the

Division are the major provider and storehouse of the national microbial wealth.

The number of cyanobacterial strains in the collection center is more than 550.

These represent a collection of a large number of genera and species isolated from a

wide variety of habitats. Various cyanobacterial strains of same species but varying

in their colour and area of isolation are available. To differentiate them, center has

assigned a traditional genus and species name under the Botanical Code System to

each strain followed by a Cyanobacterial Culture Collection (CCC) number on the

basis of period of their isolation and deposit at the center.

22.6 Other Indian Culture Collections

22.6.1 National Fungal Culture Centre of India (NFCCI),
DST-ARI, Pune

In an initiative of Department of Science and Technology (DST), Government of

India has set up a National Fungal Culture Collection of India (NFCCI) in the

campus of Agharkar Research Institute (ARI, Pune) in 2008. NFCCI’s core activ-

ities are acquisition, verification, preservation and maintenance, morphological and

genetic authentication, distribution of identified cultures, and associated informa-

tion and documentation. As core activities, after verification of purity and taxo-

nomic identity, fungal strains are deposited in NFCCI. Currently, NFCCI holds

4000 live, pure, and morphologically identified indigenous cultures. NFCCI is an

affiliate member of World Federation for Culture Collections and is registered with

theWorld Data Centre for Microorganisms (WDCM-932). Its services are presently

extended mainly to Indian users in order to satisfy the Indian regulatory compul-

sions, especially National Biodiversity Act 2002.
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22.6.2 National Collection of Industrial Microorganisms
(CSIR-NCIM), Pune

National Collection of Industrial Microorganisms (NCIM), a national facility and

microbial culture repository situated housed in National Chemical Laboratory (NCL),

Pune, is dedicated to isolation, preservation, and distribution of authentic and indus-

trially important microbial strains. Established in 1951, the NCIM is one of the oldest

biological resource centres holding especially industrially important microorganisms

in the country. Collection holding currently comprises almost 5000 items, including

bacteria, fungi, actinomycetes, yeasts, and algae. These cultures produce industrially

important metabolites such as enzymes, antibiotics, organic acids, pigments, etc.

22.6.3 Veterinary Type Culture Collection (VTCC), ICAR-
NRCE, Hisar

Veterinary Type Culture Collection (VTCC) at National ResearchCentre on Equines,

Hisar, holds microorganisms of veterinary and dairy importance. VTCC is the first

facility in livestock sector in India for collection of animal microbes comprising

veterinary, rumen, and dairy microbes. The activities include isolation, characteriza-

tion, conservation, maintenance, and distribution of these microorganisms including

phages for their utilization in animal health and production. So far, a total of 2546

cultures/clones have been deposited in the VTCC repository after authentication and

conventional and molecular characterization including GC-FAME and sequence

analysis of 16S rRNA and other virulence genes. These microbes have been isolated

as well as received as deposits from 19 network units, including veterinary (7), rumen

(8), and dairy (4) network units, and other ICAR institutes and State Agricultural and

Veterinary universities. These cultures/clones include veterinary pathogens including

viruses, bacteria, bacteriophages, clones, rumen microbes comprising anaerobic bac-

teria, fungi, and methanogenic archaea and dairy microbes. The overall benefit of

VTCC activities would result in enhancement of knowledge in all the spheres of

animal microorganisms including utilization of their useful properties.

22.6.4 Veterinary Type Cultures of Microorganisms
(VTCM), ICAR-IVRI, Izatnagar

Veterinary type culture laboratory was initiated at IVRI in the Division of Biological

Standardization during 1970. The main objective of the laboratory is to maintain,

preserve, and supply standard bacterial, viral, fungal, and parasitic cultures used in

production and quality control of veterinary biologicals for R&D and for teaching. At

IVRI, more than 488 bacterial and viral cultures are being maintained in different

laboratories. The Division of Biological Standardization functions as nodal agency for
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veterinary type cultures and coordinates maintenance and supply of standard micro-

bial cultures with other specialized laboratories of different Divisions. VTCM focuses

on harmonizing production, standardization, and quality control of veterinary biolog-

icals in India and neighbouring countries by acting as a nodal agency for the supply of

vaccine and challenge strains of bacteria and viruses.

22.6.5 Mushroom Culture Collection, ICAR-DMR, Solan

The importance of mushroom culture collection was visualized with the establish-

ment of ICAR-Directorate ofMushroomResearch, Solan (earlier NRCM) in 1983. It

was just a small beginning with few mushroom cultures obtained from Research

Scientists of Solan and Plant Pathology Division, IARI, New Delhi, and these

cultures were maintained for the research work of Scientists of ICAR-DMR,

Solan. Today, it is one of the largest mushrooms Gene Bank in India preserving

the valuable mushroom germplasm and supplying mushroom cultures to researchers

and mushroom entrepreneurs. Today, gene bank of ICAR-DMR is having 2783

accessions of mushroom cultures, namely, Agaricus spp., Pleurotus spp., other

edible fungi, and cultures of wood-rotting, mycorrhizic, and poisonous fungi.

22.6.6 Repository for Cyanobacteria and Microgreen Algae,
DBT-IBSD, Imphal

National repository for cyanobacteria and microgreen algae (Freshwater) is a national

facility created by the Department of Biotechnology (DBT), Govt. of India at IBSD,

Imphal,Manipur, aNorth-Eastern State of India. TheNorth-Eastern region (NE region)

of India (located between 87�320E to 97�520E longitudes and 21� 340N to 29�500N
latitudes) including Indo-Burma hotspot is 8th among the 34 biodiversity hotspots of

the world and is one of the two biodiversity hotspots in India. This region has a wide

range of physiographic and eco-climatic conditions which supports different forms of

life. Collection of the samples has been done from different ecological niches of North-

Eastern region of India. The repository has one thousand seven hundred and six (1706)

uni-algal cultures, out of which one thousand two hundred and forty nine (1249) are

cyanobacterial cultures and four hundred and fifty seven (457) are microgreen algae.

Five hundred eight (508) uni-algal cyanobacterial strains have been screened for fine

chemical and secondary metabolites, namely, chl-a, total soluble proteins, total carbo-

hydrates, ammonia excretion, carotenoids, and phycobili proteins. Two hundred one

(201) uni-algal heterocystous cyanobacterial strains have been investigated for the

estimation of nitrogenase activity by acetylene reduction activity (ARA). Eighty-two

(82) cyanobacterial strains have been subject to lipid profiling and fatty acid compo-

sition by using GC-FID methods. One hundred and thirty seven (137) cyanobacterial

strains have been characterized atmolecular level and allottedNCBI accessionnumber.
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22.6.7 Microbial Culture Collection, Indian Spice Research
Institute, Kozhikode

ICAR-Indian Institute of Spices Research as a research entity has key interest in

spice crops, especially black pepper, cardamom, ginger, turmeric, nutmeg, clove,

cinnamon, all spices, and vanilla. All these spice crops are highly vulnerable to

fungal, bacterial, and viral pathogens resulting in huge economic losses to the

farmers in the country and elsewhere. Diseases like Phytophthora foot rot, slow

decline, anthracnose in black pepper, capsule rot, rhizome rot, leaf blight in small

cardamom, leaf spot in ginger and turmeric, bacterial wilt in ginger, etc., have taken

a heavy toll on the crops. Considering the importance, ICAR-IISR maintains

culture collections of major pathogens of important spice crops, potential endo-

phytic as well as rhizospheric antagonistic microbes, and plant growth-promoting

rhizobacteria, among which few are commercialized.

22.6.8 Microbial Resources at ICAR-IIHR, Bengaluru

Microbial resources at ICAR-IIHR, Bengaluru, are held in by individual scientists

working on various aspects of horticulture spread over five divisions. The Division of

Soil Science andAgricultural Chemistry, at ICAR-IIHR is small repository/collection of

agriculturally important microbes of plant and soil origin. The well-characterized

resources of this division have been deposited at NAIMCC and various national repos-

itories. The Division of Plant Pathology established a culture collection with holdings of

more than 500 fungal pathogens namely of important fungal pathogens, viz., Alternaria
spp., Fusarium, Phytophthora, Colletotrichum, and Ceratocystis. The division has also
deposited bacterial pathogens and biological control agents at NAIMCC. The division

also maintains around 90 mushroom germplasm. The Division of Entomology and

Nematology has nematicidal fungi and bacteria which have been deposited at NAIMCC

and ITCC. TheDivision of Postharvest Technology holds a collection of yeast and lactic

acid bacterial strains. The Division of Biotechnology has a collection of endophytic and

Bacillus thuringiensis strains, which have been accessioned at NAIMCC.

22.6.9 National Culture Collection of Pathogenic Fungi
(NCCPF), ICMR-PGIMER, Chandigarh

The National Culture Collection of Pathogenic Fungi (NCCPF) is the national facility

established in PGIMER,Chandigarh, during 2010, sponsored by the Indian Council of

Medical Research (ICMR), New Delhi, for the deposition, maintenance, identifica-

tion, and supply of all pathogenic fungi. NCCPF havemaintained over 2500 strains of

fungi, both filamentous and yeasts, representing a large percentage of the pathogenic
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species in the fungal kingdom. The main aim of the center is to set up a facility of

international standard for preservation and to handle deposits of medically important

fungi and to supply authentic strains to investigators in India.

22.6.10 National Collection of Dairy Cultures (NCDC),
ICAR-NDRI, Karnal

The National Collection of Dairy Cultures (NCDC) has been established in the

Division of Dairy Microbiology, National Dairy Research Institute, Karnal. The

cultures were initially maintained on solid media by periodic subculturing. However,

freeze-drying was introduced in 1964 for long-term preservation of cultures. A total

of 420 cultures were held at NCDC to date. The NCDC stock includes strains of

bacteria, yeasts, and moulds of general interest to education, research, and institution.

The main interest of the collection lies in the lactic acid bacteria from dairy sources.

In addition to individual strain cultures, the NCDC also holds mixed strains (tradi-

tional) and defined strain-formulated cultures for making different varieties of cheese

and fermented milk products. The NCDC also organizes specialized training

programmes and workshops to provide know-how on the maintenance and preserva-

tion of cultures, propagation of dairy starters, and other related aspects.

22.6.11 Goa University Fungus Culture Collection
and Research Unit (GUFCC), Goa

Goa University Fungus Culture Collection and Research Unit has been established in

1999. The collection center acts as an ex situ repository of ecologically and econom-

ically important fungi besides terrestrial actinobacteria in the state of Goa. The aim of

the centre is to develop and modify existing protocols for culture isolation, screening,

etc., create photo and video documentation of fungal resources for global use, and aid

national culture collections by depositing representative fungi useful for national

research and development. It also provides educational and research opportunities to

PG and doctoral research students, and service academic and commercial clients with

high-quality fungal cultures for use in educational, research, and industrial applications.

22.6.12 National Facility for Marine Cyanobacteria
(DBT-BDU), Tiruchirapalli

Considering the biotechnological potentials of marine microbes, National Facility

for Marine Cyanobacteria sponsored by DBT, India, has been established at
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Bharathidasan University. It is the only facility in the world dedicated solely to the

field marine cyanobacterial research. The main focus of the center is to survey the

entire coastline of India and establish germplasm collection of marine

cyanobacteria as well as cryophilic cyanobacteria.

22.7 Agriculturally Important Culture Collections

of the World

Microorganisms are utilized to develop biofertilizer and biopesticide to enhance the

plant growth and development by inhibiting the growth of weeds and insect pests

and control the disease of plants. Microorganisms also allow plant to absorb more

nutrients from the soil and recycle the complex by converting into the simpler form

to be utilized by plant. In return, plant provides its waste material to be utilized by

microorganisms. Several culture collections have been established worldwide after

realizing the importance and potential of microorganisms in agriculture

(Table 22.2). Some specialized groups of microbial culture collections have been

also established (Table 22.3).

Table 22.2 Agriculturally important culture collections in Asia and other parts of the world

Culture collection Country

Agriculture Culture Collection of China (ACCC) China

Korean Agricultural Culture Collection (KACC) Korea

National Collection of Agricultural and Industrial Microorganisms Hungary

Culture Collection Beijing Agricultural University (CCBAU) China

International Collection of Microorganisms from Plants New Zealand

Russian Collection of Agricultural Microorganisms (RCAM) Russian Federation

United States Department of Agriculture (USDA) USA

Table 22.3 Some specialized microbial culture collections

Culture collection Country

Swiss Collection of Arbuscular Mycorrhizal Fungi (SAF) Switzerland

International Culture Collection of Arbuscular Mycorrhizal Fungi

(INVAM)

USA

Industrial Yeast Collection Italy

Collection for Extremophile Microorganisms and Type Cultures (EMTC) Russian

Federation

Marine Culture Collection of China China

USDA-ARS Collection of Entomopathogenic Fungal Cultures USA

USDA-ARS National Rhizobium Germplasm Collection USA
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22.8 Microbial Culture Techniques

Cultivation of microorganisms is a method applied to grow and multiply microbial

cells under the predefined chemical medium and controlled environment. Although

the cell cannot be seen with unaided eye until it forms a colony. A colony is a group

of cells all originated from a single cell or cluster of cells of similar or different

kinds of cells. All individual organisms in the colony are of the same species.

Microbial cultures help to study and research more about these microorganisms,

their characteristics, and identity. This information helps in determining whether

they are beneficial or harmful to us. To grow and study these microorganisms, one

need to take care of their food and environmental conditions.

Like many living systems, microorganisms also require energy to perform its

metabolic functions. These energy sources range from carbon, nitrogen, oxygen,

iron, and other minerals, micronutrients, and water. All these nutrients are essential

for the growth and multiplication of cell. The medium which we use to grow these

microorganisms may be synthetic, semi-synthetic, or completely natural.

a. Synthetic medium: components of the medium which are not of the natural

origin, i.e. containing salts and minerals, are called synthetic medium.

b. Semi-synthetic medium: medium which is a combo of both natural and chemical

component are called semi-synthetic medium.

c. Natural medium: components in this medium are of natural origin.

The carbon source added in the medium provides energy and carbon skeleton for

synthesis of various other carbon compounds. In addition to the chemical added to

the medium, growth factors are also supplemented in the medium which are

essential for the growth and multiplication of the cells. Water is added as the base

of the medium whether it is liquid or solid. The liquid medium contains the

nutrients dissolved in the water; this is also often referred as broth culturing. In

broth medium if you add the desired quantity of agar, it forms agar medium and it

also enables the medium to get solidified. Culturing of microorganisms in broth

shows diffused growth and helps in studying growth phase of microorganisms and

for bioprospection studies. Whereas the solid medium helps in isolating pure

culture which forms distinct colony on agar medium. It is also easy to study the

culture characteristics, morphological diversity and biocontrol assays on solid

medium but it is not possible in the broth culture.

Microorganisms are prevalent in diverse niches ranging from hot to cold envi-

ronments. Some are acid loving, some like moisture, and some can tolerate high

saline conditions. Many require the presence of oxygen (aerobic), while others do

not require (anaerobic) oxygen. Environment has a great impact on the growth and

multiplication of microorganisms. The factors which affect metabolic state of

microorganisms are ionic strength, pH, and temperature. Most of the bacteria

grow at neutral pH, whereas yeast and fungi require slightly acidic pH. Similarly,

different microorganisms require different optimum temperature for the active

growth and multiplications. Microorganisms which show maximum growth at
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temperature 0–20 �C are called psychrophiles, those at temperature 25–40 �C are

called mesophiles, and those at temperature with temperature 45–122 �C are called

thermophiles. In routine manner, the optimum conditions are maintained in the

laboratory with the help of an incubator.

22.9 Method of Maintenance

Maintenance comes into play once the culture is pure. The pure culture thus

obtained has a chance of contamination from the other dominant microorganisms

present in the environment. So, to protect the isolated, pure culture of microorgan-

isms from contamination and to initiate research on organisms, one generally

prepares sufficient numbers of stock cultures and working cultures.

Stock culture is prepared by inoculating the pure culture of a bacterium to fresh

medium and making multiple copies of it. Then the plate is kept in the incubator to

obtain optimum growth. After this, each plate is sealed using a parafilm tape and

placed in the refrigerator, i.e. at 4 or 20 �C. Care is taken to place each set at

different location to ensure that the culture is not totally lost. If a refrigerator at one

place in not working and the cultures stored in that refrigerator are lost, the culture

stored in the other refrigerator can be revived.

Stock cultures are often maintained on the agar plates, agar slants, and in the

form of stab cultures. Broth culture is not preferred at all for this purpose. Under

normal conditions, the microbial culture utilizes the nutrients present in the medium

and excretes toxic material in the medium. This toxic material thus alters the pH

and the gaseous phase of the medium and makes the environment not so suitable for

the culture itself and shows decline in the growth. This leads to the necessity of

subculturing wherein the microbial culture is transferred to a fresh medium. To

escape from frequent subculturing, the microbial cultures are often stored at low

temperature. As we know that the growth and the metabolism of the microorganism

slow down at low temperature which the refrigerator maintains, but this does not

totally halt the metabolic activity of the microorganisms. As a result, the medium

provided is slowly consumed by them and then slowly a stage will be reached when

the medium will not be sufficient to feed all microorganisms. This induced stress

may lead to an alteration in the genome of the microorganisms which is definitely

not preferred. Therefore, periodic observation should be made after specific time

interval and if need be the organism is subcultured again.

Subculturing of pure organisms is being carried out on fresh medium, i.e. on

Agar medium in Petri dishes and slants. Here multiple copies are prepared and

stored in refrigerator. As per the requirement, one of the culture plates is opened and

used to perform different assays. Periodic monitoring is also required here to check

for contamination. Once number of the culture reduces to one or two, more new

subcultured plates are added to maintain sufficient amount of culture. In case of loss

of cultures and change in phenotypic characteristics due to environmental extrem-

ity, the stock culture may be used to replenish the existing stocks. Although this
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method has a lot of disadvantages, but it is still followed in most of the laboratories

for all kinds of microbial cultures, i.e. bacteria, fungi, yeast, etc. In general, the

medium which promotes good sporulation is considered to be the most desirable

(Gherna 2009). It is always better to cultivate cultures on slant medium as it

occupies small space and there is little chance of contamination as it is very well

covered by the cotton plug. Transfer should always be made from the growing end

of the colony. Some fungi degenerate when maintained on the same medium for the

extended period of time. Thus, the medium should be altered time to time (Gherna

2009). The time interval to subculturing of fungus varied with respect to the fungal

culture. It generally requires 2–4 weeks, but certain cultures may survive for

12 months without subculturing. The maintenance of fungal cultures by serial

transfer is a challenge as there is always a chance of contaminated variants getting

selected, mislabelling of cultures, infestation with mites, and labour intensity.

Microbial cultures of yeast can be easily maintained by serial transfer on either

solid or liquid medium. Yeast survives for quite a long time on solid agar medium

as compared to the liquid broth medium, especially non-fermentative yeast. A

series of changes further accumulate and might result in completely different

phenotypic character as acquired. This method is very simple and inexpensive

which make it suitable to be followed in most of the laboratories. To reduce

frequent subculturing, one also prefers to store it in refrigerator. Cooling helps in

decreasing the growth rate leading to decreased frequency of subculturing.

22.10 Method of Preservation

Preservation of microbial culture includes all bacteria, fungi, algae, archaea, virus,

protozoans, and yeast. For publishing research paper on novel strain of bacteria, it is

mandatory to submit the same microbial culture at two recognized culture collec-

tion centres to ensure its preservation. In other words, it is a voucher to achieve

publication. Before proceeding to preservation, there are many points which need to

be addressed; these include the type and structure of microbes to be preserved, the

intended use of the material, and the facilities and expertise available. There are

many preservation techniques which can be used for long-term and stable storage.

Freeze-drying and liquid drying often apply to bacteria and can be successful for

some of the other types of microorganisms, but techniques fail to work for most

vegetative states (Smith et al. 2008). Cryopreservation plays a very important role

in the long-term preservation of microorganisms.

The preservation techniques may be classified into three types based on the

duration for which the culture can be stored and preserved.

• Short-term preservation

• Medium-term preservation

• Long-term preservation
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22.10.1 Short-Term Preservation

22.10.1.1 Refrigeration

This method is still the most preferred method for preservation of microbial cultures

for short duration at 4 �C. In refrigerator, cultures can be stored which are used daily
or weekly and cultures grown on agar slants or plates with precautions to avoid

contamination. Active cultures should be sealed with parafilm before storing.

Sealing of petri dishes protects the plates from contamination and drying of agar.

For slants, screw-capped tubes are used. In this method, vials are filled with agar

medium and then sterilized. Thereafter, microorganism is inoculated aseptically.

Cultures are then stored with loose cap overnight and then stored with tight caps at

4 �C. The cultures are periodically transferred to fresh medium to retain viability.

22.10.2 Medium-Term Preservation

22.10.2.1 Mineral Oil

Storage in mineral oil or paraffin oil is one of the earlier methods used for the

preservation of fungal cultures for extending the longevity of culture. It is cheap and

easy method of preservation for quite a long time and is recommended for labora-

tory with limited resources. Cultures can be stored for several years (10–12 years)

without undergoing much physiological change at room temperature (25–30
�
C. In

exceptional case, a culture can be stored for 32 years at room temperature of

15–20 �C (Fig. 22.1). This method is most suitable for mycelial or

Fig. 22.1 Preservation and storage of fungi in mineral oil
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non-sporulating cultures which do not withstand freezing or freeze-drying. The

principle behind this type of preservation is that mineral oil/paraffin oil prevents

evaporation from the cultures and decreases the metabolic rate of the culture by

limiting the oxygen supply. Culturing with this method also protects from contam-

ination of fungi and mite infections (Homolka 2014). The disadvantage of this

method is that it doesn’t completely stop the growth of the fungi and the one which

grows may be a mutant. This method is suitable for the preservation of mushroom

fungi (mainly wood-rotting basidomycete) but not for Zygomycotina (Homolka

2014).

22.10.2.2 Silica Gel

Silica gel is used for the preservation of spore-forming fungal cultures. In this

method, spore suspension and the silica gel are mixed and stored for quite a long

duration. Anhydrous silica gel (6-22 mesh, non-indicator) is dried in an oven at

180 �C for 3 h by filling it to the quarter of the cultural tube. After heating, it is

allowed to cool and mixed with ethylene glycol and dry ice. Care must be taken to

ensure uniform cooling. Another alternative is to keep it in freezer at a temperature

range of �15 to �20 �C. Prepare fungal spore suspension on the other side by

suspending spores in chilled 5 % skim milk solution. It is further added to the

chilled silica gel. Avoid saturation of the gel by filling the culture tube not beyond

three-quarters. The culture tube is kept for ~20–30 min with intermittent agitation

which ensures uniform dispersion. The cultures are held at 25 �C for ~1–2 weeks to

separate out crystals when shaken. Inoculated bottles are sealed with screw cap and

stored on an indicator silica gel. To revive culture of the fungal spores, inoculate on

appropriate medium and incubate at suitable temperature. It has shown good results

with yeast showing viability after 2–5 years (Gherna 2009; Smith et al. 1984). In a

method suggested by Perkins (1962), a stock culture of Neurospora crassa in

anhydrous silica gel has proved consistently useful and effective in preservation.

22.10.2.3 Soil

Fungi can be easily maintained on soil. This method is very simple and uses the

nutrients in the sterile soil (free of living microorganisms) as the source of food.

Before inoculating the spore suspension of fungi, soil is autoclaved twice at 121 �C
and 15 lbs pressure for 15 min duration. After sterilization, the spore suspension is

properly mixed in the soil maintaining the sterile environment. The mixture thus

obtained is further incubated for 5–10 days and then stored in the refrigerator at

4 �C. In this manner, the fungi can be preserved for longer duration of 2–5 years.

Revival of fungi can be done by providing the appropriate medium and followed by

incubation.
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22.10.2.4 Sterile Water

Preservation of microorganisms in sterile distilled water was first given by Castellani

and, therefore, is often referred as Castellani method (Castellani 1963) which is

applied on Entomophorales, Pyrenomycetes, Hymenomycetes, Gasteromycetes, and
Hypomycetes. It was found to apparently suppress the morphological change in many

fungi. Basidomycetes were successfully preserved for 2 years at 5 �C (Ellis 1979;

Marx and Daniel 1976; Richter and Bruhn 1989), although viability decreased after

5–10 years of storage (Burdsall Jr and Dorworth 1994). Preservation of fungi in

distilled water is a cheap and practical method to maintain a mycology collection

for a short time interval (Diogo et al. 2005). It has also proved that plant and human

pathogenic bacteria can be preserved in pure water or PBS for several years (Liao and

Shollenberger 2003). The disadvantage of this method is subculturing in a time

interval. It is suitable for the storage of basidiomycetes decay fungi for longer period

(Richter et al. 2010). In some cases, the fungi have also been reported to have

undergone morphological change alterations during storage and exhibited significant

degree of pleomorphism upon revival.

22.10.2.5 Paper Disc for Yeast

Yeast cells are used to be preserved on the filter paper disc. The Whatman filter

paper no. 4 is used which is first cut into the size which is required by the user and is

sterilized. It is piled and wrapped inside the aluminium foil and sterilized by

autoclaving at 121 �C, 15 lbs pressure for 15 min. These sterile discs are inoculated

by dipping in the yeast suspension in 5 % skimmed milk for 1 min. The discs are

dried in desiccator for 2–3 weeks at 4 �C and then packed in the airtight container

and stored at 4 �C. Following this way, cultures can be stored for 2–3 years, and

whenever required, a piece of the paper can be inoculated on the fresh medium

(Kulkarni and Chitte 2015).

22.10.2.6 L-Drying

Liquid state drying is usually referred to as L-Drying, wherein the sample is

protected from freezing. Drying is performed in the vacuum at temperature below

4 �C. Another simple method is given by Malik (1990) in which activated charcoal

has been used as the carrier for long-time preservation. In another study of

Tommerup (1988), the viability of spores and hyphae of seven species of vesicular

arbuscular (VA) mycorrhizal fungi was maintained for 8 years by maintaining low

level of vacuum. Sakane et al. (1992) have also worked to preserve extremely

halophilic archaebacteria and thermo-acidophilic archaebacteria that are sensitive

to freezing and freeze-drying. Drying was performed at 5 �C which increased the

survival values for as many as 15 years.
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22.10.3 Long-Term Preservation

Long-time freezing is a much preferred technique to preserve microbial cultures for

quite a long period. In this technique, media, manpower, and regular subculturing

are not required to maintain microbial cultures. Only thing required is the facility

which supports microbial cultures at such low temperature. Followings are some

specific methodologies involving freezing.

22.10.3.1 Ultralow Freezing (Ultralow freezers)

Ultralow freezing is done by freezers having two compressors wherein each

compressor has a different refrigerant which maintains temperature around

�80 �C. Cells stored at this temperature can remain viable for several years

(Fig. 22.2). This low temperature reduces chemical reactions within the culture.

Here, molecular motion still works in frozen cells, and thus, viability of culture will

decline. During this type of storage, ice crystals are formed. This ice can damage

the cells by dehydration caused by localized increase in salt concentration. This

problem can be overcome by the use of cryoprotectants.

Fig. 22.2 Preservation of

microbial culture in deep

freezing
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22.10.3.2 Cryogenic Freezing (Cryogenic Freezers)

In this type of freezing, freezers rely on liquid nitrogen systems to operate. It is

known as cryopreservation. It should be less than �130 �C, generally up to

�196 �C (Fig. 22.3). At this temperature, the molecular motion of water does not

take place and cells are trapped in glass like matrix. Microorganisms stored in

cryogenic freezers retain their viability for many years. For microorganisms which

are prone to cryogenic injury that exhibit poor viability following preservation,

specific protocols are designed to ensure optimal cryopreservation (Smith and Ryan

2012). Decreasing the temperature of microbial cells reduces the rate of metabolism

until all internal water is frozen and biochemical reactions do not occur and the

metabolism is restricted.

In this method, tubes should never be stored in tanks submersed in liquid

nitrogen because screw cap tubes leak and pull the nitrogen into the tube along

with contaminants. But liquid nitrogen vapour phase freezers avoid this problem

with having disadvantage of being expensive and require large volumes of liquid

nitrogen. In general, intracellular freezing is lethal. During this process, intracellu-

lar and extracellular waters of the cell change into ice and thus arises the problem of

injury. To overcome this problem, cryoprotectants are used with the cells. Although

a good survival of deep-frozen microbes (bacteria and microbial spores) has

occasionally been observed without a cryoprotectant, the presence of a suitable

cryoprotectant usually increases the survival considerably. The agent may provide

protection by being intracellular or extracellular (Pichugin 1993).

Fig. 22.3 Cryotanks for

preservation of microbes at

�196 �C
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On the basis of penetration capacity, cryoprotectants are of three different types:

• Cryoprotectants penetrating both cell wall and cytoplasmic membrane,

i.e. DMSO and glycerol.

• Cryoprotectants penetrating cell wall but not cytoplasmic membrane, i.e. amino

acids, PEG-1000, etc.

• Cryoprotectants not penetrating even cell wall, i.e. high molecular weight pro-

teins, PEG-6000, etc.

The exposure of cells to a high concentration of cryoprotectant causes osmotic

dehydration. As the permeating cryoprotectant is removed by exposing the cells to a

lower concentration of the compound, the osmotic uptake of water causes the cells

to swell above their initial volume. And cells shrink as the cryoprotectant moves

out. It returns to physiological volume only if non-permeating solute has neither

been lost nor gained during the process. Cells are generally more sensitive to

swelling than to shrinkage; thus, removal of cryoprotectants tends to be more

hazardous than their addition.

The rate of change of temperature also influences the rate at which water is

transported out of the cells during cooling and into the cells during warming. If the

cooling rate is rapid for themembrane of the cell in question to transport sufficient water

out of the cell, then protoplasm will become supercooled, and the greater the extent of

supercooling, the more likely is the chance of the cell freezing internally. The combi-

nation of solution effects and intracellular freezing causes each cell to show maximal

survival at a characteristic cooling rate; as the cooling rate increases fromvery low rates,

so does survival because the deleterious effects of exposure to high salt concentrations

are reduced, but eventually survival drops because intracellular freezing appears.

Freezing rate also affects the process of cryogenic preservation. Presently, it is

known that fast freezing is a processwhich results in the formation of a large number of

small-size crystals in the suspension. It is characterized by increase in viscosity. In this

type of case, cells can reach to the temperature of �40 �C without changes in their

content. As the efficient crystalline nuclei do not form, the supercooling causes

homogeneous crystallization in the whole volume without cell membrane damage,

whereas slow freezing is characterized by extracellular formation of crystals and cell

reaches osmotic equilibriumwith the environment by dehydration. These result in two

effects: concentration of the cell content and decrease in cell volume. Slow freezing

causes over dehydration and contraction of the cell volume below the critical value. In

rapid freezing, large numbers of small ice crystals are formed. These small ice crystals

produce less cell wall rupture than slow freezing which produces only a few large ice

crystals. Here, it is notable that dehydration is absent in fast freezing, but cooling and

crystallization below �40 �C is lethal; it can cause cell damage. So, the optimum

freezing rate is somewhere between these two. By the high rate of cooling, solidifica-

tion of the system without crystal formation takes place. This amorphous ice state is

called vitrification state. So, the optimummethod is amultistage procedure for freezing

involving slow cooling at the beginning until extracellular crystallization occurs. Then

the optimum cell dehydration is realized by keeping the temperature constant. And fast

cooling follows at the end until complete solidification takes place. Programmed
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freezing prevents the critical volume contraction and intracellular ice crystallization.

The storage of culture in the cryotank is the bigger aspect (Challen and Elliot 1986).

22.10.3.3 Freeze-Drying (Lyophilization)

Water inside the cell of microorganisms plays a very important role in various vital

reactions, and removal of water halts both enzymatic and non-enzymatic reactions.

During freeze-drying, water is removed by sublimation from the cell. In the process

of freeze-drying, solvent (example—water) is reduced first by sublimation (primary

drying) and then by desorption (secondary drying) to values that will no longer

support biological growth or chemical reactions. Generally, it is assumed that cells

in stationary growth phase are more tolerant to desiccation as compared to growing

log phase cells. During starvation, cells can induce genes to encode transcription

factors regulating the production of stress proteins, whereas reducing the pH of the

growth medium can induce changes in the bacterial cell membrane fatty acid

composition and initiate the production of acid shock proteins. Cells that are

incapable of producing proteins due to desiccation damage may recover if addi-

tional stress response proteins are produced prior to drying.

Protective agents used in this technique before drying are known as lyoprotectants.

Thus, various microorganisms can be preserved by this method with the help of

lyoprotectants by pulling the water out using a vacuum (sublimation). Some important

lyoprotectant are non-fat milk solids, serum, trehalose, glycerol, sucrose, betaine,

adonitol, glucose, lactose, and polymers such as dextran and polyethylene glycol.

These can be classified into two categories: (1) amorphous glass forming (example:

carbohydrates, proteins, and polymers) and (2) eutectic crystallizing salts. The glass-

forming additives have been shown to exert the highest protection during freeze-drying.

The inert amorphous glass is also able to retain waste products released by the cells

within the glass structure before freezing; therefore, waste products do not concentrate

and initiate irreversible electrochemical changes on the plasma membrane during

storage, whereas eutectic crystallizing salts form crystal structures as the crystallization

point is reached. Each solute has different crystallization temperature. The formation of

harmful salts or ice crystals can damage the cell membrane, thereby compromising the

integrity of cell and allowing valuable cell contents to leak out of the cell after thawing.

At the freezing point of water, ice crystals form, and remaining salts left in solution are

concentrated around the ice crystals. Highly concentrated salt solutions in the intersti-

tial region mixed with any substances released by the cells during freezing are

considered detrimental to a cell as they cause irreversible damage to the cellmembrane.

The advantages of freeze-driedmicroorganisms are stabilized cell viability and also the

ease of handling for shipment and storage costs. By this method, cultures can be stored

for up to15–20 years (Fig. 22.4). Log phase cultures are lyophilized by suspending in

lyophilization medium and later freeze-drying. Freeze-drying has some undesirable

side effects, such as denaturation of sensitive proteins leading to decreased viability or

activity. Not all bacteria can be freeze-dried (Miyamoto-Shinohara et al. 2000, 2006,

2008); generally, gram-positive bacteria show a far higher survival rate during freeze-
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drying than gram-negative bacteria. Recent advances in the field of freeze-drying have

seen the development of freeze-dried products that contain exact numbers of freeze-

dried cells. These products are used as reference materials for quality control purposes

to enable accurate quantification of detectionmethod efficiencies and quality control of

growth media. Certain adverse conditions during microbial growth can induce toler-

ance responses. For example, lowering the pH during culturing can induce a greater

protection to cells during freeze-drying.

22.11 Latest Techniques for Preservation

22.11.1 Sordelli’s Method of Preservation

This is a method of preservation which is simpler than freeze-drying but as reliable as

cryopreservation. This method can safely be used when the samples to be preserved

are small in quantity. The culture should be preserved or incubated on solid medium

for the required period. The inoculum is emulsified in a loopful of horse serum and is

deposited on the inner wall of the small tube, which is inserted into another large tube.

A small quantity of phosphorus pentoxide is placed at the bottom or the outer tube

with the help of a glass rod. The inner tube must be placed in such a way that it is held

over the bottom of the outer tube but not directly touching the chemical placed at the

bottom. The outer tube is then connected to a vacuum pump, and after the air is

removed, the outer tube is sealed. This tube containing the culture can be stored at

room temperature away from light (Soriano 1970).

22.11.2 Vitrification

Rall and Fahy (1985) for the first time used vitrification method for the purpose of

reproductive cryopreservation. This process protects cell from the damage caused

due to the formation of ice crystals. In this process, cells are typically surrounded by

Fig. 22.4 Lyophilized ampoules and their storage chamber
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a vitrification solution which acts like a cryoprotective solution which turns to

amorphous glass on cooling. This anti-freeze is a viscous solution which decreases

the freezing temperature and prevents the onset of cryo-injury. Also samples are

rapidly cooled which also eliminate the use of control cooling. The revival of

culture is much simpler as it is directly warmed and then liquefied. Care must be

taken that the samples do not crack, which could cause physical damage to the

microbial culture. Also the sample must be washed to remove the toxic chemical of

vitrifying mixture (Bhat et al. 2005).

For an effective cryopreservation, the solute of cryoprotectant must penetrate the

cell in order to increase viscosity, thereby decreasing the freezing temperature.

Cryoprotectant such as dimethyl sulfoxide is toxic at high concentrations. Vitrifying

solution is comparatively better with the damage caused by the cryoprotective solu-

tions as it has limited penetration inside the cell in addition to the toxicity effect of

cryoprotectant. A study conducted by Leslie et al. (1995) on Escherichia coli DH5-α
andBacillus thuringiensisHD-1 showed an increased tolerance to freeze-dryingwhen
dried in the presence of the disaccharides trehalose and sucrose which has lowered the

membrane phase transition temperature and protected protein structure in the dry state.

Mixtures of cryoprotectants and ice blockers have enabled vitrification of a rabbit

kidney to �135 �C. Upon rewarming, the kidney was successfully transplanted to

rabbit, with total functionality and viability (Fahy et al. 2009).

22.11.3 Encapsulation

It is a technique where cells are embedded in a calcium alginate beads prior to

cryopreservation. Use of this technique is not well documented for microorganisms.

Its application has two main benefits: firstly, the water content of the cell may

reduce by osmotic treatment or drying which decreases the prospect of ice damage

or concentration effects during the cooling stage of cryopreservation procedure, and

secondly, it allows cells to be easily handled and manipulated by providing a

suspending matrix. Specimens are then rapidly “plunge” cooled with no need for

control rate cooling (Sugiura et al. 2005).

22.11.4 Preservation Through Growth Substrate

For obligate pathogen or mutualistic microorganisms, preservation with their growth

substrate or host has been applied for many years. For example, hemp seeds have been

used to support members of the Chromista when cryopreserved. This approach has

been used for microcyclic rust fungi Puccinia spegazziniiwhen the teliosphores were
present on the petiole tissue. The alternative approach of cryopreservation has enor-

mous potential for the large number of unculturable microorganisms, which can

otherwise not be stored by genetic resource centers (Stomeo et al. 2009).
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22.12 Registration of Elite Microbial Germplasm

at ICAR-NBAIM

Registration of elite microbial germplasm is a new initiative taken up by the National

Agriculturally Important Microbial Culture Collection (NAIMCC), ICAR-NBAIM,

Mau. Germplasm that can be registered includes bacteria, fungi, cyanobacteria, and

actinomycetes, having unique, distinguishable, and stable character and has potential

proven attributes of academic, scientific, agricultural, industrial, and commercial impor-

tance (Fig. 22.5). Registration is done for a specific period of time 5 years. The passport

data application submitted for registration of germplasm should include all the authentic

details regarding taxonomy, geographical location, method of preservation, risk group,

and its uniqueness. The details of the same can also be found on http://www.mgrportal.

org.in/Registration.html. Deposition of culture should be supported by sufficient evi-

dence of uniqueness like publication in standard peer-reviewed journal and certified

evaluation data for at least 3 years under AICRP trial/Nursery test for three locations

under any other relevant system. Plasmid which is a part of the microorganism will not

be covered under “kind of microorganisms”. Contaminated microorganisms or those

which do not have unique properties are not accepted. Microbial Germplasm Registra-

tion Committee is set up to check the authenticity and uniqueness of the deposit material.

22.12.1 Nodal Agency

ICAR-NBAIM, Maunath Bhanjan, Uttar Pradesh, is the nodal agency for registra-

tion of germplasm. The application concerning the registration should be addressed

to the Director, NBAIM, along with the microbial cultures and other relevant

documents. The member secretary of the committee forwards the proposal to

reviewers for thorough examination and critical comments.

22.12.2 Microbial Germplasm Registration Committee
(MGRC)

On receipt of report of reviewers, the proposal is critically reviewed by MGRC. It is a

committee constituted under the chairmanship of Deputy Director General (Crop

Sciences), Indian Council of Agricultural Research. Director, ICAR-NBAIM, will act

as a permanent member with a senior level scientist as member secretary. Specialist

experts can be called on requirement for a group of microorganisms with reference to

the material under consideration. After reviewing by the nodal centre, the proposal

completed in all respects with the comment(s) of the concerned authority is put before

the registration committee for consideration. The whole process of reviewing and

decision ofMGRC is to be completed in 1 year from the receipt of complete application.
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22.12.3 Validity of Registration

The period for validity of registration shall be for 5 years from the date of registra-

tion; after that the registered germplasm would be a national sovereign property.

Polyschema chambalensis
NAIMCC-F-02267

Penicillium islandicum
NAIMCC-F-01465

Aspergillus striatus
NAIMCC-F-02332

Bacillus megaterium IARIS46
NAIMCC-B-01648

Bacillus aryabhattai MDSR-14
NAIMCC-B-01442

Bacillus sp. IARIS7
NAIMCC-B-01666

Calothrix javanica449
NAIMCC-C-00095

Plectonema radiosum 25
NAIMCC-C-00026

Pleurotus

Fig. 22.5 Different microbial cultures in NAIMCC
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22.12.4 Notification of Registered Germplasm

All germplasm material approved for registration would be officially communi-

cated to the applicants along with Registration Number. A certificate to this effect

will also be issued to the applicant. A brief description should be published in

appropriate periodicals, such as:

• Any NAAS-rated journal such as Indian Journal of Microbiology—published by

Association of Microbiologist of India, etc.

• ICAR-NBAIM Annual Report, ICAR-NBAIM, Maunath Bhanjan, UP. 275103

• ICAR News—published by the Publication and Information Division, Krishi

Anusandhan Bhavan, ICAR, New Delhi—110 012

• ICAR-NBAIM Website http://www.nbaim.org /www.mgrportal.org.in

22.12.5 Conservation, Maintenance, and Sustainable
Utilization of Registered Germplasm

• Registered germplasm will be conserved in the NAIMCC in glycerol stock and/or

mineral oil and/or liquid nitrogen and/or lyophilized forms as far as possible.

• The novel gene will be conserved in the gene bank of ICAR-NBAIM.

• The institution associated with the development of the germplasm is also to be

mandatedwith themaintenance of working stock of germplasm for supply to users.

22.13 Conclusion

Microorganisms play an important role in biogeochemical transformation and are

utilized in pharmaceutical, biotechnology, and food industries. The preservation of

microorganisms is of paramount importance keeping in view the role played by

them in various sectors of the economy. Culture collections are a storehouse of

biological resources which have to be preserved for posterity so that in future they

can be further screened, genetically improved, characterized, and used for produc-

tion of valuable products. They provide high-quality biological resources for

research, teaching, and quality control in industry.
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Chapter 23

Biosurfactants in Microbial Enhanced Oil

Recovery

Sunita J. Varjani

Abstract Industrial sustainability has pushed biosurfactants as a tool for many

companies. Biosurfactants offer possibility of replacing chemical surfactants, pro-

duced from nonrenewable resources and/or cheap renewable feedstocks.

Biosurfactants are also attractive as they are ecofriendly. The most promising

biosurfactants nowadays are glycolipids, lipopeptides, phospholipids, fatty acids/

natural lipids, polymeric surfactants, and particulate biosurfactants. Biosurfactants

find utility in various industrial sectors such as petroleum, food, beverage, cos-

metics, detergents, pharmaceuticals, and environmental protection and manage-

ment. This chapter highlights prospects for commercial exploration of a new

generation microbial biosurfactants as a tool in bioremediation and microbial

enhanced oil recovery (MEOR).

23.1 Introduction

Surface tension (SFT) of a liquid can be defined as force per unit length on surface

which opposes expansion of surface area. Surfactants in solution have ability to

gather at interfaces between immiscible phases which reduce SFT and interfacial

tension (IFT). Surfactants are amphiphilic molecules with a hydrophobic and

hydrophilic part (Hoskova et al. 2013; Varjani et al. 2014). Chemical surfactants

have a major impact on our lives. Companies using chemical surfactants are now

looking for alternatives, i.e., surfactant molecules produced principally by micro-

organisms (Varjani 2014). These molecules have advantage that they are stable at

relatively harsh environmental conditions, viz., pH, temperature, and salinity; low

or no toxicity; and are readily biodegradable in environment if, or when, discharged

(Banat 1995; Henkel et al. 2012).
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Hydrocarbons, as hydrophobic organic chemicals, exhibit limited solubility in

water and tend to partition to soil matrix (Varjani et al. 2013). This partitioning can

account for as much as 90–95 % or more of the total contaminant mass. As a

consequence, hydrocarbon contaminants exhibit moderate to poor recovery by

physicochemical treatments, limited bioavailability to microorganisms, and limited

availability to oxidative and reductive chemicals when applied to in situ and/or ex

situ applications (Satpute et al. 2010; Vasconcellos et al. 2011; Varjani and Upasani

2012; Pacwa-Płociniczak et al. 2014). Naturally produced surface-active com-

pounds of biological origin are called biosurfactants. Biosurfactants act through

changing surface-active phenomena, such as reducing surface and interfacial ten-

sions, thereby increasing surface area of hydrophobic substrates; wetting and

penetrating actions; spreading, hydrophilicity, and hydrophobicity actions;

enhancement of bioremediation rate, oil recovery, and microbial growth by increas-

ing availability of hydrophobic substrates; metal sequestration; and antimicrobial

action (Banat 1995; Jain et al. 2011; Varjani et al. 2014). Several bacteria use

hydrocarbons as a sole food source and produce various products like gases,

biosurfactants (BS), biopolymers, solvents, and acids (Pacwa-Plociniczak et al.

2011). These products help in enhancing bioremediation and oil recovery (Chaillan

et al. 2004; Henkel et al. 2012; Varjani et al. 2015). This chapter throws light on

application of biosurfactants in solving petroleum industry problems such as bio-

remediation and microbial enhanced oil recovery (MEOR). This chapter also

represents biosurfactants as a tool to study potentials of microbes in petrochemical

industry.

23.2 History and Key Mechanisms for MEOR

Successful Microbial Enhanced Oil Recovery (MEOR) field trials have been

conducted in the USA, Russia, Romania, China, Australia, Germany, Hungary,

India, Malaysia, Peru, and Poland (Varjani 2014). For MEOR, Institute of Reservoir

Studies (IRS), Oil and Natural Gas Corporation (ONGC), and The Energy and

Resources Institute (TERI) have developed a bacterial consortium S2, surviving at

90 �C, up to 140 kg/cm2 pressure and 4–8 % (w/v) NaCl concentration. Three fold

increase in oil recovery has been reported by injecting selected microbes into

selected oil wells of ONGC in Ahmedabad and Mehsana assets in Gujarat state

(http://www.otbl.co.in/meor.html).

Microorganisms have developed different strategies to overcome problem of

low bioavailability of hydrophobic substrates using three mechanisms (a) high-

affinity uptake systems (Miyata et al. 2004), (b) adhesion to solid substrate, e.g.,

formation of a biofilm (Eriksson et al. 2002), and (c) production of biosurfactant

(Lang 2002; Henkel et al. 2012; Varjani et al. 2014). Biosurfactants are surface-

active agents of microbial origin which enhance water solubility and subsequent

bacterial degradation of organic contaminants as well as enhance oil recovery
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(Kuiper et al. 2004). Biosurfactants are produced either on microbial cell surface or

extracellular excreted (Pacwa-Plociniczak et al. 2011; Markande et al. 2013).

23.3 Biosurfactant Classification

Biosurfactants with different chemical structures and properties have been reported

from various microorganisms isolated from petroleum contaminated sites (Desai

and Banat 1997; Henkel et al. 2012; Vijaya et al. 2013; Varjani et al. 2014).

Biosurfactants are broadly low molecular weight glycolipids/lipopeptides or high

molecular weight polysaccharides/proteins molecules. Some examples for

biosurfactant producing hydrocarbon degrading microorganisms includes Pseudo-
monas aeruginosa (rhamnolipids), Candida apicola (sophorolipids), Rhodococcus
erythropolis (trehalose dimyeolipids), Bacillus sp. (lichenysins), and Bacillus
subtilis (surfactin) (Desai and Banat 1997). The hydrophilic moiety usually consists

of amino acids, ions (anions or cations), or polysaccharides.The hydrophobic

moiety consists of saturated or unsaturated fatty acids. Based on structural features,

biosurfactants are classified in following types: (a) glycolipids; (b) lipoproteins or

lipopeptides; (c) phospholipids, fatty acids, or natural lipids; (d) polymeric

biosurfactants; and (e) particulate biosurfactants (Desai and Banat 1997; Bodour

et al. 2004; Thavasi et al. 2011).

23.3.1 Glycolipids

Glycolipids are sugar-containing lipids in which a carbohydrate moiety is linked to

a fatty acid moiety (aliphatic acids or hydroxyl aliphatic acids) (Müller and

Hausmann 2011). The best known glycolipids are rhamnolipids, sophorolipids,

and trehalolipids (Desai and Banat 1997; Henkel et al. 2012).

23.3.1.1 Rhamnolipids

They are the most common glycolipids mainly produced by P. aeruginosa.
Rhamnolipids (RLs) are formed by one or two rhamnose (hydrophilic) molecules

linked to one or two fatty acids (hydrophobic), which are saturated or unsaturated

alkyl chains (Haba et al. 2003; Lourith and Kanlayavattanakul 2009). RLs are

secondary metabolites, and their production starts with onset of stationary phase.

They play an important role in motility, biofilm formation, and solubilization of

hydrocarbon pollutants. RLs were first isolated from P. aeruginosa. They are

produced in relatively high amount in relatively short incubation periods exhibiting

relatively high surface activities. P. aeruginosa is known to have approximately

6.29 Mbp genome; its genes are involved in catabolism, transport, and interchange
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of organic compounds as well as four potential chemotaxis systems. Diverse

metabolic capabilities of P. aeruginosa make it important to utilize a wide variety

of substrates, some of which are not easily degraded by other organisms (Jarvis and

Johnson 1949).

Twenty eight homologues of RLs have been identified, and mixtures of these

homologues can be produced by a single strain of P. aeruginosa (Abalos et al.

2001). However, types of RLs produced depend on bacterial strain, carbon source

used, and process strategy. Four homologues of rhamnolipids are most predomi-

nant. Principal RLs mono-rhamno-di-lipidic congener (R1) and di-rhamno-di-

lipidic congener (R2) consist of one or two L-rhamnose units and two units of

β-hydroxydecanoic acid, while mono-rhamno-mono-lipidic congener (R3) and

di-rhamno-mono-lipidic congener (R4) consist of one or two L-rhamnose and one

unit of β-hydroxydecanoic acid (Lang and Wullbrandt 1999). These four com-

pounds are commonly referred to as R1–R4 rhamnolipids and are shown in

Fig. 23.1.

23.3.1.2 Sophorolipids and Trehalolipids

Sophorolipids and trehalolipids are similar in structure (Cooper and Zajic 1980).

Sophorolipids consist of a dimeric sophorose molecule which is linked to a long

chain hydroxy fatty acid and are mainly produced by yeasts Torulopsis bombicola
and T. petrophilum (Desai and Banat 1997). Trehalolipids are characterized by

Rhamnolipid 1 Rhamnolipid 2

Rhamnolipid 3 Rhamnolipid 4

Fig. 23.1 Structures of Rhamnolipids from P. aeruginosa (Source: Lang and Wullbrandt 1999)
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disaccharide trehalose linked at C6 to two β-hydroxy-branched fatty acids. They

have been isolated from several strains of genera Arthrobacter, Mycobacterium,
Brevibacterium,Corynebacterium,Candida, and Nocardia. Trehalolipids produced
by these organisms differ in structure of fatty acids and degree of unsaturation

(Cooper and Zajic 1980; Desai and Banat 1997; Lourith and Kanlayavattanakul

2009).

23.3.2 Lipoproteins or Lipopeptides

Lipopeptides are characterized by hydrophilic amino acid chain (peptide) which is

linked to fatty acid. The peptide is either linear or cyclic. Surfactin is a popular

lipopeptide mainly produced by Bacillus sp. which has a cyclic peptide and

β-hydroxyl fatty acid (Davis et al. 1999). The cyclic peptide consists of seven

amino acids, which may differ in sequence, but in all cases it is composed of five

lipophilic amino acids and two negatively charged hydrophilic amino acids (Singh

and Cameotra 2004; Buchoux et al. 2008). The length and structure of fatty acids

may also differ. Generally, fatty acid consists of 13–16 carbon atoms and may be

branched (Akpa et al. 2001).

23.3.3 Phospholipids, Fatty Acids, or Natural Lipids

Phospholipids, neutral lipids, and some fatty acids are components of cell structures

and have surface activity usually associated with biosurfactants. Flavolipids are

biosurfactant of acid tail groups. Phospholipids are probably best known as a major

constituent of all cell membranes. They have been produced by certain strains of

genera Acenitobacter, Aspergillus, and Thiobacillus and consist of a fatty acid

linked to cationic phosphate group. Molecular weight of this type of biosurfactants

is approximately 500–3000 Dalton (Varjani 2014).

23.3.4 Polymeric and Particulate Surfactants

Polymeric biosurfactants have molecular weight greater than 50,000 Dalton. Bio-

polymers consist of a polysaccharide backbone to which fatty acid side chains are

covalently linked. The most intensively studied polymeric biosurfactants are

emulsan and liposan and are produced by Acinetobacter calcoaceticus and Candida
lipolytica, respectively. They are generally more effective in stabilizing emulsions

of oil in water but do not have capacity to lower surface tension (Desai and Banat

1997). Microorganisms shown to produce biosurfactants are represented in

Table 23.1.
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23.4 Biosurfactant Applications

The concept of environmental protection leads towards the consideration of

biosurfactants as alternative to synthetic surfactants (Sarachat et al. 2010). BS

finds utility in various industries, viz., petrochemical, food, beverage, cosmetics,

detergents, pharmaceuticals, paint, agriculture, mining, environmental protection

and management, etc. They can be used as emulsifiers, de-emulsifiers, wetting

agent, dispersing agent, foaming agents, detergents, and active food ingredients

(Banat 1995; Deleu and Paquot 2004; Thavasi et al. 2011; Rikalovic et al. 2012).
Presently, biosurfactants are mainly used in petroleum industry for enhanced oil

recovery and hydrocarbon remediation (Cameotra and Makkar 1998). Here, appli-

cations of biosurfactants in petroleum industry are discussed. Biosurfactants pro-

duced from industrial wastes and by-products in particular are used (a) for bulk

production of petroleum products, (b) bioremediation of environmental pollutants

including oil spills, biodegradation, and detoxification of industrial effluents, and

(c) Microbial Enhanced Oil Recovery (MEOR). Biosurfactants increase growth of

microbes through enhanced bioavailability of hydrocarbons thereby enhancing

degradation of contaminants by indigenous microbes (Pacwa-Plociniczak et al.

2011).

Table 23.1 Major biosurfactant classes and microorganisms (Karanth et al. 2007)

Biourfactant class Microorganisms

Glycolipids

Rhamnolipids Pseudomonas aeruginosa

Trehalose lipids Rhodococcus erythropolis, Arthrobacter sp.

Sophorolipids Candida bombicola, Candida apicola

Lipoproteins or Lipopeptides

Surfactin/iturin/fengycin Bacillus subtilis

Viscosin Pseudomonas fluorescens

Lichenysin Bacillus licheniformis

Phospholipids, Fatty acids or Natural lipids

Surface-active antibiotics Acinetobacter sp., Corynebacterium lepus

Gramicidin Brevibacterium brevis

Polymixin Bacillus polymyxa

Fatty acids or natural lipids Corynebacterium insidibasseosum

Polymeric biosurfactants

Emulsan Acinetobacter calcoaceticus

Alasan Acinetobacter radioresistens

Liposan Candida lipolytica

Particulate biosurfactants Acinetobacter calcoaceticus, Cyanobacteria
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23.4.1 Biosurfactants: A Tool for Bioremediation

Bioremediation technologies have replaced physical and chemical remediation

processes for cleanup of contaminated soils (Owsianiak et al. 2009; Juwarkar

et al. 2010; Cerqueira et al. 2011; Varjani and Upasani 2012). Bioremediation of

petroleum hydrocarbons in contaminated soil was initially developed for oil indus-

try more than three decades ago to search for cleanup method of oil sludge from

their operations, immobilizing pollutants or transforming them into non-hazardous

products for environment (Hazen et al. 2003; Varjani et al. 2013). Since then

application of this technology has increased and has been applied through different

approaches in heterogeneous environments (Aislabie et al. 2006). The use of

surfactants in situations of oil contamination may have a stimulatory, inhibitory,

or neutral effect on bacterial degradation of oil components (Jain et al. 2011).

Introduction of external surfactants as main components of oil spill dispersants

influence alkane degradation rate (Rahman et al. 2003). Certain microorganisms

such as B. subtilis, P. aeruginosa, and T. bombicola have been reported to utilize

crude oil and hydrocarbons as sole carbon sources for biosurfactant production and

can be a useful mechanism for oil spill cleanup as well as oil sludge removal

(Mulligan et al. 2001; Das and Mukherjee 2007). Exxon Valdez oil-tanker spill was

successfully bioremediated by using biosurfactants (Mulligan et al. 2001). Varjani

et al. (2015) performed experiment (3 % v/v crude oil as sole carbon source, pH 7.2,

37 �C, 75 days at 180 rpm with 2 % inoculum) on biodegradation of crude oil

(ONGC, India), using consortium of six indigenous bacterial isolates. They

reported 81.66 % degradation of n-paraffins (C8–C36þ) and 83.49 % degradation

of C8–C35.

23.4.2 Biosurfactants: A Tool for MEOR

Microbial-enhanced oil recovery (MEOR) processes were earlier known as “micro-

bial increased oil recovery” (MIOR). MEOR technique involves processes where

both microorganism(s) and/or their products are used to recover oil from individual

wells or entire reservoirs. MEOR activities were commenced far back since 1926 in

most developed countries and is ongoing till date. The alarming rate of decrease in

supply of petroleum and its products makes MEOR useful which will stabilize

future worldwide oil production and ensure adequate energy supply (Osunde and

Balogun 2013).

Biosurtactants play a crucial role to enhance bioavailability of hydrocarbon

pollutants, and it is very well studied. These surface-active agents may stimulate

dissolution or desorption rates, solubilization, or even emulsification of hydrocar-

bons (Banat 1995; Henkel et al. 2012; Varjani et al. 2014). Injection of microor-

ganisms, nutrients, or microbial byproducts (gases, biosurfactants, biopolymers,

solvents, and acids) can take place (a) in individual wells separately through the
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cyclic injection method (bio-huff and puff method), (b) in conjunction with a water

flood (the field flood method), and (c) through either cyclic injection or field

flooding (well-prep treatment). Mechanisms responsible for oil release from porous

media involve processes such as (a) dissolution of inorganic carbonates by bacterial

metabolites, (b) production of bacterial gases which decrease viscosity of oil

thereby promoting its flow, (c) production of surface-active substances or wetting

agents by some bacteria, and (d) high affinity of bacteria for solids, later attached to

crowd off oil films (Lazar et al. 2007).

Various researchers have performed work on MEOR, viz., Abu-ruwaida et al.

1991; Suthar et al. 2008; Adelzadeh et al. 2010; Rabiei et al. 2013. Varjani (2014)

has reported 8.82 % enhancement of oil recovery as % of residual oil saturation

through ex situ bioaugmentation with rhamnolipid biosurfactant produced by

P. aeruginosa NCIM 5514.

23.5 Conclusion

An increase in concern about environmental protection and management has caused

the consideration of biosurfactants as alternative source for synthetic surfactants.

The use of biosurfactants in petroleum industries show significant advantage over

chemically synthesized surfactants such as lower toxicity, enhanced biodegradabil-

ity, enhanced foaming capacity, high specificity, better environmental compatibil-

ity, and ability to be synthesized from renewable feedstocks. Biosurfactants serve

as a potential tool to solve two burning issues of petroleum industry, viz., petroleum
hydrocarbon pollution and increase of fuel prize (petrol, diesel, etc). Biosurfactants

can be used as a tool to understand the ability of microbes in bioremediation

and MEOR.
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Chapter 24

Fed-Batch Cultivation for High Density

Culture of Pseudomonas Spp.
for Bioinoculant Preparation

Sarma Mutturi, Vikram Sahai, and V.S. Bisaria

Abstract Fed-batch has been widely accepted in industry for commercial produc-

tion of biomolecules such as enzymes, therapeutic proteins, organic acids, amino

acids and other primary and secondary metabolites. Recent progress in application

of fed-batch for commercial and academic research is discussed with suitable

examples. This chapter deals with both the mathematical and thumb rule-based

design of fed-batch cultivation. Special attention is also given to LabVIEW-based

data acquisition for building control routines for implementation of customized

feed operations using peristaltic pump. Finally a case study for fed-batch cultivation

of Pseudomonas spp. is discussed.

24.1 Introduction

The seminal paper by Yamane and Shimizu (1984) is a comprehensive report on

microbial cultivations using the fed-batch technique. The authors consolidated

information on utility, classification, mathematical theory and survey of fed-batch

cultivations. The developments in fed-batch methodology were primarily due to the

problems associated with batch cultivation for improving the titers and

productivities.

The depletion of essential macro elements in general and/or growth rate associ-

ated altered metabolism in facultative bacteria and consequent build-up of toxic

compounds in the growth medium during batch cultivation of microbial strains’
lowers the growth rate of culture eventually leading to stationary and death phases.
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If the intrinsic exhaustion of the nutritional source/s is not only monitored but also

maintained in tune with the growth dynamics, the decline in growth rates can be

circumvented. This external addition or feeding of rate-limiting nutrients during the

growth of microbial culture forms the principle behind the fed-batch cultivation.

The primary goal of microbial cultivation is to achieve maximum possible

volumetric productivity of biomass or product of interest (Riesenberg and Guthke

1999). In case of growth associated products the biomass is inherently needed to be

maximized to achieve higher productivities of the product and similarly in case of

non-growth associated products again the biomass is needed to be optimized to

subject the cells to idiophase to produce the product of interest. Thus in either case

the achievement of high cell density culture becomes a prerequisite and the

fed-batch cultivation, a widely studied technique, is custom-developed to achieve

this requirement. The major advantages in high cell density cultivations, apart from

higher productivities, are lower reactor volumes, ease in handling downstream

processing and reduced production costs. Other advantages include, prevention of

growth rate dependent plasmid instability in case of production of recombinant

biomolecules and also significant reduction in process times to achieve higher

productivities.

This chapter essentially focusses on high cell density cultivation using fed-batch

technique outlining a case study where a pseudomonas strain is subjected to various

feeding strategies to improve the biomass. The chapter also elucidates the mathe-

matical aspects for formulating the feed-profile for exponential growth and also

feeding during strategy during just maintenance of the growing cultures. Moreover

the chapter includes LabVIEW-based data acquisition for interfacing the peristaltic

pump with the control programs for customized feeding strategies. LabVIEW code

for the discussed case study is also included.

24.2 Fed-Batch, an Indispensable Mode for Microbial

Cultivation

Escherichia coli and Saccharomyces cerevisiae are the widely used organisms

among the prokaryotes and eukaryotes, respectively, for commercial exploitation.

Although there are other industrially relevant organisms for production of specific

compounds, these two organisms enjoy certain advantages such as well-known

physiology and genetics, robust molecular techniques for modification, low dou-

bling times, etc. At high growth rates as in batch cultures, these organisms divert

carbon flux to products of anaerobic metabolism even under aerobic conditions

leading to poor yield of biomass and consequent poor yield of the recombinant

product. The fed-batch cultivation assumes importance as it enables the culture to

grow at reduced specific growth rates to high optical densities thus obviating the

problems of poor yield of biomass and the products. In fact all known feeding

strategies were developed using these microbial hosts. In case of aerobic cultivation
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of E. coli, substrate inhibition and production of ethanol, acetic and lactic acids

during oxygen limitation are major issues during high cell density cultures. Espe-

cially acetic acid levels above 5 g/L is detrimental for cell cultivation, and also

lowers the protein expression efficiency at low concentrations of 0.5 g/L. All the

strategies were realized to contain the acetic acid production levels via lowered

specific growth rates in fed-batch cultivation of E. coli. In case of production of

recombinant proteins in E. coli the inducer (IPTG)—based expression system is a

common strategy. Lee (1996) provides comprehensive coverage of high cell density

cultivation of E. coli using fed-batch technique.

Zulaufverfahren was a widely accepted process where the biomass is increased

without accumulation of ethanol by slowly feeding molasses during aerobic culti-

vation of yeast (Reed and Peppler 1973). Since then several studies have been

carried out in fed-batch cultivation of S. cerevisiae strains. Unlike acetic acid

production in case of E. coli, S. cerevisiae strains are encountered with glucose

sensitivity issues during cultivation (Fiechter and Seghezzi 1992). Glucose sensi-

tive strains produce ethanol in presence of initial glucose concentration >70 mg/L

under highly aerated condition; this phenomenon is also known as Crabtree effect

or overflow metabolism (Aiba et al. 1976; Pham et al. 1998). In S. cerevisiae
fed-batch cultivation is usually carried in two stages, where in the first stage

sugar is fed exponentially until oxygen limitation sets in and later shifted to the

second stage where constant feed is supplied to achieve quasi-steady state with

respect to substrate and concomitant lowering of specific growth rate (Pham et al.

1998). The biomass formation is dependent on glucose consumption by growing

cells and the fresh substrate addition is controlled during first stage precisely to

overcome overflow metabolism.

Although these strategies were developed 20–25 years ago, they have been

continuously evolved to suit either for newly developed strains or for novel

products being produced. Some of the developments in fed-batch cultivation of

these two industrial workhorses are provided in Table 24.1.

Hence, fed-batch technique has become an indispensable tool for both academic

research and commercial production of biomolecules.

24.2.1 Types of Fed-Batch Cultivation

The classification of the fed-batch operation are usually based on understanding

two key actions, viz., (1) how the feeding is carried out and (2) what is responsible

for such feeding action. All feeding strategies are connected to physiological state

of the growing culture and with prime motive to avoid the very problem of under

feeding or over feeding of limiting nutrients (Lee et al. 1999). The fed-batch

cultivation can be broadly classified into open-loop (without feedback) and

closed-loop (with feedback) modes according to Yamane and Shimizu (1984).
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Table 24.1 Some of the prominent fed-batch strategies for Escherichia coli and Saccharomyces
cerevisiae

Organism Fed-batch strategy Desired result References

Escherichia coli Glucose was fed based on

inference of specific growth

rate (μ) from off-gas data. μ
was maintained at 0.11 h�1 to

achieve 95 g/L

Correlation between specific

growth rate and oxygen

uptake rate

Riesenberg

et al. (1991)

The specific growth rate (μ)
was controlled to minimize

acetic acid production using

exponential feeding profile.

μ< 0.2 h�1, to achieve 92 g/L

Determination of exponential

feed profile using mass

balance

Yee and

Blanch

(1992)

Exponential feeding with

pre-determined specific

growth rate (μ) < 0.17 h�1 to

achieve 128 g/L and 148 g/L

of biomass with glucose and

glycerol, respectively as car-

bon sources

Incorporation of volume cor-

rection in feed profile esti-

mation due to sampling and

addition of other limiting

nutrients

Korz et al.

(1995)

The concentration of glucose

inside the reactor was

maintained at 1.5 g/L by

continuous measurement

using flow injection device

and correspondingly regulat-

ing the feed rate

FIA-based fed-batch cultiva-

tion to achieve high cell den-

sity of 145 g/L

Horn et al.

(1996)

IPTG limitation during

induction phase lowers the

acetic acid production during

induction phase thereby

improving the enzyme yields

in fed-batch cultivation

The study demonstrates that

feeding during glucose limi-

tation improves high cell

density and feeding with

IPTG limitation reduces

acetic acid formation

Lecina

et al. (2013)

Saccharomyces
cerevisiae

Step-wise feeding of glucose

such that the respiratory quo-

tient (RQ) ranged between

1.0 and 1.2 during fed-batch

RQ, was estimated by calcu-

lating the difference of the

partial pressures of O2 and

CO2 in air between air inlet

and exit gas

Aiba et al.

(1976)

Inference of maximum sub-

strate uptake rate (MSUR) by

on-line measurements of

dissolved oxygen (DO) and

thereby controlling the feed-

ing for aerobic S. cerevisiae
cultures

This strategy improved the

production of recombinant

gluco-amylase significantly

Oh et al.

(1998)

Respiratory quotient

(RQ) was maintained

between 4 and 5 during

anaerobic fed-batch cultiva-

tion to improve ethanol

production

Reduced the surplus forma-

tion of NADH which is usu-

ally responsible for glycerol

formation as a byproduct

along with ethanol

Bideaux

et al. (2006)

(continued)
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In case of open-loop strategies, the feeding of the limiting substrate is carried out

without considering the outcome of fed-batch operation, however it is based on

heuristics or a priori knowledge. In case of closed-loop fed-batch cultivation the

feed manipulation is inferred from measurement of a state variable which changes

during fed-batch cultivation (Lee 1996). The different types of fed-batch cultiva-

tions are shown diagrammatically in Fig. 24.1. The Fig. 24.1a depicts the time

profiles of some of the standard open-loop feeding strategies. Here the feeding is

simply based on prior knowledge of the physiology of the culture without consid-

eration of the dynamics of culture during feeding. This includes constant, linear,

step-wise or pulse feeding and exponential feeding.

In case of Fig. 24.1b feed profiles of closed-loop strategies have been depicted

with indirect measurement variables such as dissolved oxygen (DO), pH and

respiratory quotient (RQ). These variables are widely used to understand the

physiology of the growing culture as they are sensitive to depletion of limiting

nutrients in the culture broth. In case of DO, the value rises sharply after depletion

of main carbon/energy source and this is when feed is turned-on after it goes above

a set value (DO_set_value, cf. Fig. 24.1b), and the feed is turned-off below a critical

value (DO_critical_value) when oxygen supply becomes limiting. During the

period between on-off times, the culture is allowed to grow. For pH-based feeding,

the culture pH increases once the carbon source is depleted due to release of

ammonium ions. As the pH rises above a user-set upper value (pH_Uset_value),

two simultaneous actions takes place: (1) the addition of ammonium solution to

controlthepH is turned-off and (2) the feed pump is turned-on for a specific time

period (ton, cf. Fig. 24.1b); and afterwards due to consumption of added fresh

substrate, the pH starts falling sharply and as it falls below a user set lower value

(pH_Lset_value) the ammonium pump is switched-on (Suzuki et al. 1990; Sun et al.

2006). In case of RQ-based feeding an RQ value of 1.0 signifies that the rate of

consumption of oxygen is equal to CO2 evolution rate. As the value falls, it

Table 24.1 (continued)

Organism Fed-batch strategy Desired result References

Model-driven dynamic opti-

mization of fed-batch feeding

policies to maximize ethanol

by constraining with flux bal-

ances, extracellular balances

and standard kinetics

Mass balances on extracellu-

lar species are coupled to a

stoichiometric model of

intracellular metabolism

through substrate uptake

kinetics and product secretion

rates

Hjersted and

Henson

(2006)

After depletion of ethanol

from batch phase the ligno-

cellulose hydrolysate was fed

linearly between 0.04 and

0.1 L/h over 16 h to achieve

maximum biomass

This strategy improved pro-

ductivity of S. cerevisiae in
the presence of inhibitors in

feed and also making them

adapted for further processing

Olofsson

et al. (2008)
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indicates the depletion of the limiting substrate and hence the feed-pump is

switched-on; and thereafter it is switches-off when the RQ goes above a set value

(RQ_set_value). Table 24.2 provides information on few recent fed-batch strategies

employed for production of bioproducts.

Fig. 24.1 Depiction of (a) open-loop feeding strategies (b) closed-loop feeding strategies
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24.3 Mathematical Model-Based Feeding Profiles

for Fed-Batch Cultivation

The fed-batch phase commences after batch growth ceases on account of exhaus-

tion of limiting nutrients (Fig. 24.2). During fed-batch phase, highly concentrated

limiting nutrients are supplied in small doses in a specific manner and the volume of

the reactor increases.

The nomenclatures of the terms shown in Fig. 24.1 are as follows:

x0 Initial biomass concentration just after inoculation, g/L

x biomass concentration at any instance of time, g/L

xi biomass concentration at the end of batch phase, g/L

xf biomass concentration at the end of fed-batch phase, g/L

Vi volume of reactor in batch phase, L

V volume of reactor in fed-batch phase at any instance of time, L

Table 24.2 A few recent fed-batch strategies used for production of bioproducts

Fed-batch strategy (using rate-limiting

substrate for feeding) Microorganism Product(s) References

Exponential feeding of galactose at

μ ¼ 0.05 h�1
Engineered

E. coli
Lacto-N-tetraose
(12.72 g/L)

Lacto-N-triose
(13.70 g/L)

Baumgärtner

et al. (2015)

Glucose (500 g/L) was fed at a constant

rate of 7 mL/h during 48–72 h and

4.67 mL/h during 72–108 h

Mortierella
alpine (mutant)

Arachidonic acid

8.37 g/L

Li et al.

(2015a)

Exponential feeding of glucose

(400 g/L) with fixed specific growth

rate of 0.2 h�1

Engineered

E. coli
Valinomycin

2 mg/L

Li et al.

(2015b)

Exponential feeding of glycerol with

fixed specific growth rate of 0.2 h�1
Engineered

E. coli
4-hydroxybutyrate

15 g/L

Le Meur

et al. (2014)

Exponential feeding of butyric acid

with fixed specific growth rate

of 0.2 h�1

Pseudomonas
putida

DCW 71.3 g/L Cerrone et al.

(2014)

Exponential feeding of commercial

palm oil with specific growth rate of

0.05 h�1

Candida
rugosa ATCC

10571

Lipase 699 U/L Salehmin

et al. (2014)

Two stage pH-stat fed batch

Stage1: 500 g/L fructose with 150 g/L

NH4Cl

Stage2: 500 g/L fructose with 12.5 g/L

NH4Cl

Engineered

R. eutropha
Branched-chain

alcohol 0.79 g/L

Fei et al.

(2013)

DO-stat feeding of glycerol

Feeding was paused if DO < 20 % and

continued when the DO > set value

Engineered

P. pastoris
Ice binding protein

272 mg/L

Lee et al.

(2013)
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Vf volume of reactor at the end of fed-batch phase, L

S0 substrate concentration in feed, g/L

S substrate concentration at any time in fed-batch phase, g/L

t time, h

Tb batch time, h

Tf fed-batch time, h

μ specific growth rate (h�1)

The model equations governing growth kinetics during fed-batch phase are

provided below:

Feed rate (L/h) equation

F ¼ dV

dt
ð24:1Þ

Specific growth rate (μ, h�1)

μ ¼ 1

xV

d xVð Þ
dt

ð24:2Þ
xV ¼ xiVie

μt ð24:3Þ

Substrate balance for fed-batch phase
Accumulation ¼ input – output – consumption

Fig. 24.2 Representation

of fed-batch cycle with state

variable profiles along time
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d SVð Þ
dt

¼ FS0 � μxV

Yx=s
� mxV ð24:4Þ

Where, m ¼ maintenance co-efficient, h�1

Yx/s ¼ biomass yield with respect to substrate consumed, g/g

Integration of substrate balance Eq. (24.4) gives following equation

V
dS

dt
þ S

dV

dt
¼ FS0 � μxiVie

μt

Yx=s
þ mxV

� �
ð24:5Þ

Assuming quasi-steady state with respect to limiting substrate (i.e. S does not

change with time), the following equation is achieved

FS ¼ FS0 � μxiVie
μt

Yx=s
þ mxV

� �
ð24:6Þ

F So � Sð Þ ¼ μ

Yx=s
þ m

� �
xiVie

μt ð24:7Þ

24.3.1 A priori Models for Fed-Batch

Exponential feeding falls in the category a priori fed-batch system, where the

specific growth is fixed at a certain value and it is expected that the culture grows

exponentially at this fixed value. Usually, values below 0.2 h�1 are preferred as at

higher values the growing culture may not adapt to incoming dosage of fresh feed

and may eventually lead to substrate inhibition due to accumulation of the limiting

substrate. However the μ value and concentration of feed is heuristically decided

based on the physiology of the culture from batch experiments.

From Eq. (24.7)

F ¼
μ

Yx=s
þ m

� �
xiVie

μt

So � Sð Þ ð24:8Þ

As the concentration of the fresh nutrient is very high in comparison to the

residual concentration at the end of batch phase, the following case is assumed:

So >> S ) So � S ¼ So

24 Fed-Batch Cultivation for High Density Culture of Pseudomonas Spp.. . . 389



F ¼
μ

Yx=s
þ m

� �
xiVie

μt

So
ð24:9Þ

If α ¼
μ

Yx=s
þm

� �
xiVi

So
and

β ¼ μ

F tð Þ ¼ αeβt ð24:10Þ

The Eq. (24.10) is used for exponential feeding to grow the culture at a desired

constant specific growth rate. Here in right side of the Eq. (24.10) all the values are

known (in case of maintenance co-efficient, the value is either calculated from

batch/continuous culture experiments or assumed based on literature information

for the culture) and the feed profile is thus determined for the fed-batch cultivation

to be implemented.

In some cases the maintenance co-efficient is assumed to be negligible hence

Eq. (24.10) becomes

F tð Þ ¼ μxiVie
μt

Yx=sSo
ð24:11Þ

However, maintenance term must be considered particularly in cases of recom-

binant cultures where the growth rate is significantly reduced during induction

phase.

In case of maintenance phase, growth rate is assumed negligible, i.e. μ ¼ 0.

Hence, the feed rate in Eq. (24.11) assumes following equation:

F ¼ mxiVi

So
ð24:12Þ

This equation implies that constant flow rate should be maintained for meeting

the maintenance requirements by feeding in stationary phase. For finding the initial

flow-rate for predetermined feeding (i.e., at constant μ) the following calculations

can be carried out.

ZVt

V0

dV¼
Z t

t¼0

F tð Þdt

Vt � V0 ¼
Z t

t¼0

αeβtdt
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Where, α ¼
μ

Yx=s
þm

� �
xi:Vi

So
and β¼ μ

Vt ¼ V0 þ α

β
eβt � 1
� � ð24:13Þ

24.3.2 Optimal Control of Fed-Batch Cultivation

A continuous dynamic system is described by following differential equation (Luus

2000)

dx

dt
¼ f x; u; tð Þ or

dx

dt
¼ Axþ Bu ð24:14Þ

x is an (n � 1) state vector and u is an (m � 1) control vector bounded by

αj � uj tð Þ � βj, j ¼ 1, 2, :::,m

The performance index is chosen as a scalar function and defined as below

I x 0ð Þ; tf
� 	 ¼ ψ x tf

� �� �þ
Ztf

0

ϕ
�
x, u, t

�
dt ð24:15Þ

Here x(0) initial state and final time tf are specified and the optimal control policy

u(t) in the time interval [0, tf] is selected such as the performance index is

maximized. The other variations of optimal control problems include constraints

for the state variables and time optimal control problems.

Dynamic equations for fed-batch fermentation are follows:

d xVð Þ
dt

¼ μxV; x 0ð Þ ¼ x0

d SVð Þ
dt

¼ FSF � μxV

Yx=s
� mxV; s 0ð Þ ¼ s0

d pVð Þ
dt

¼ qpxV; p 0ð Þ ¼ p0; Where qp is specific product formation rate
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dV

dt
¼ F;V 0ð Þ ¼ V0

Constraints for the process are as follows:

V tf
� � ¼ Vf

0 ¼ Fmin � F tð Þ � Fmax

d

dt

x1
x2
x3
x4

2
664

3
775 ¼

μx1
� μx1
Yx=s

� mx1

qpx1
0

2
6664

3
7775þ

0

SF
0

1

2
664

3
775F

Here x1 ¼ xV, x2 ¼ sV, x3 ¼ pV and x4 ¼ V
For instance if product or metabolite p has to be maximized the problem would

be as follows

Maximize
F tð Þ

PI ¼ x3ð Þtf
subject to

V tð Þ � Vmax

0 ¼ Fmin � F tð Þ � Fmax

0 � t � tf

The solution for above optimal control problem has been evaluated by several

techniques and is consolidated in Table 24.3.

Table 24.3 Different techniques to solve the optimal feeding profile in fed-batch cultivation

Technique References

Optimal control theory using multi-point

boundary value problem

Lim et al. (1986)

Park and Ramirez (1988)

Modak and Lim (1989)

Discretization of time into sub-intervals and

constant feed during those sub-intervals

Shukla and Pushpavanam (1998) (Sequential

quadratic programming, SQP)

Banga et al. (1998) (Integrated Controlled Ran-

dom Search for Dynamic Systems, ICRS/DS)

Luus (1994) (Iterative dynamic programming,

IDP)

Genetic algorithms Sarkar and Modak (2003)

Simulated annealing Kookos (2004)

Differential evolution Rocha et al. (2014)

Particle swarm optimization Jones (2006), Liu et al. (2009), Rocha et al.

(2014)
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24.4 LabVIEW-Based Data Acquisition and Control

for Fed-Batch Cultivation

Biochemical processes are difficult to control due to their non-linear nature. The

sensitivity of the microorganisms and the inability to fully influence the internal

environment of cells by manipulating the external environment in which they live

has been a challenge in bioprocess control (Rani and Rao 1999). The built-in

software of most of the commercial bioreactors can display the process values

(pH, rpm, temperature and DO), but its capabilities for feed-control, based on

process values such as DO and pH, and driving the pump at exponential rate for

predetermined feed-strategy are limited (Huang et al. 2005). Hence there is a

requirement for design of custom control mechanisms for carrying out fed-batch

fermentations.

LabVIEW is an interactive graphical programming tool for automation of

processes from National Instruments, Inc. (Austin, TX, USA). It has extensive

libraries of standard functions and subroutines, and specialized libraries for data

acquisition (DAQ). The program is developed as a virtual instrument (VI) which

contains front panel and block diagram. Front panel of a VI is the interactive part of

the code where the inputs for the test code are provided and also the outputs can be

viewed as graphs and other indicators in real times. The block diagram is the VIs

actual executable code. It contains built-in functions, constants, and program

execution control structures connecting wires between the objects for proper flow

of the information (Travis and Kring 2006).

24.4.1 Serial-Port Communication with the Feed Pump

The connection between the bioreactor and the computer running LabVIEW ‘VI’ is
usually established through a non-powered RS-232, RS-422 or RS-485 connected

to the computer’s serial port. Nowadays the USB-Serial adapters are popular for

establishing connections in case serial port is not available on the workstation.RS-

232 is the simple and most widely used serial port among the three. It can work in

full-duplex, implying the information can be received as well as sent using this

serial port (Bai 2004). A multifunctional PCI card is needed to be fitted into the

serial slot of the workstation. A PCL shielded cable is required to connect the PCI

card and the DIN rail wiring board, which in turn provides the voltage signal

(0–10 V) for operating any motor drive (a peristaltic pump in case of fed-batch

fermentation). It also has digital inputs and outputs which are used to monitor status

of limit switches and opening or closing of solenoid valves respectively. The

connection of the physical components is pictorially shown in Fig. 24.3.
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24.4.2 Data Acquisition of Bioreactor Variables
onto LabVIEW

The online variables measured using the sensors (temperature, pH, RPM, dissolved

oxygen, %CO2 and %O2 in exit gas) are invariably displayed or indicated either on

the bioreactor or on the accompanying software. In order to bring the same

information on to the customized VI of LabVIEW, a serial port connection is

established between the remote COM port of the bioreactor and the workstation.

Later the port is invoked using LabVIEW’s basic read–write VI module with COM

port settings of the bioreactor. The common setting options to choose are shown in

Table 24.4.

The port settings for serial communication for Minifors, Infors AG, Switzerland

are as follows: SPEED¼ 9600 bd, DATA-¼ 8 bit, STOP¼ 1 bit, PARTY¼ None,

FLOW CONTROL ¼ None. Once the data string is read onto the VI, further

changes are brought in the block diagram to modify the outputs as per the require-

ment. Sometimes a request has to be sent through a string of code to receive the

digital data from bioreactor. The request code was of the following type:

Request code: “\XXXX;R\s\sA\XX”

Fig. 24.3 Set-up for fed-batch cultivation of fluorescent pseudomonad R81

Table 24.4 COM port choices for establishing serial connection

Baude rate 110, 300, 600, 1200, 2400, 4800, 9600 or 19,200

Data bits 4, 5, 6, 7 or 8

Parity Odd, None, Mark or Space

Stop bits 1, 1.5 or 2
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This code is usually provided by the supplier and varies with the model. Once

reading is established, the next task is to send signals (or writing) to the bioreactor

for any changes in the inputs or set-values. Here again the request needs to be sent

as a string code as specified by the supplier. Once the read–write module is

established onto a VI, the pump voltage is wired with the desired feed-back variable

(such as pH, DO or RQ) or in case of predetermined exponential feeding a

mathematical subroutine for exponential function can be utilized to invoke the

external pump.

24.5 Case Study for High Cell Density Cultivation of a

Pseudomonad Strain

Fluorescent pseudomonad R81 is an established plant growth promoting

rhizobacterium (Gaur et al. 2004) and application of its formulation to wheat crop

in field studies has been shown to significantly improve the crop growth parameters

(Mäder et al. 2011). It has been observed in our earlier study (Saharan et al. 2011)

that the antibiotic 2,4-diacetylphloroglucinol (DAPG) produced by this strain in the

culture broth (which is used for preparing powder formulation) essentially keeps the

contaminants under check when the formulated powder is under storage. Moreover,

the presence of such biocontrol agent as the active ingredient of the bioinoculant

formulation would initiate the antagonistic action against the soil-borne pathogens

when the formulation is applied to the rhizosphere. Furthermore, high colony

forming units (CFU/mL) of the bioinoculant in the culture broth will enable us to

prepare its formulation with desired CFU per gram formulation by using lesser

volumes of the culture broth. Thus, the aim of the fermentation process was to

cultivate the strain in high cell density in order to prepare an effective bioinoculant

formulation. The high cell density cultures along with synthesis of DAPG would

significantly improve both process efficiency and product efficacy. To achieve high

cell density cultures, a synthetic medium with higher dosage of glycerol was used to

conduct batch experiments (Sarma et al. 2013). The strain R81 utilizes glycerol as

the principal carbon and energy source for its growth; however under high initial

glycerol concentration (�15 g/L) the specific growth rate falls significantly due to

substrate inhibition (Sarma et al. 2013). Hence fed-batch cultivation of the strain

R81 was planned as a potential mode of cultivation to achieve high cell density.

Several fed-batch cultivation strategies employing Pseudomonas spp. have been

reported; for instance Sun et al. (2006) used exponential feeding of glucose for

improving biomass using Pseudomonas putidaKT2440, Kim (2002) adopted

pH-based feeding of octanoic acid for the strain Pseudomonas oleovorans ATCC
29347 in order to increase polyhydroxy alkanoates production and Suzuki et al.

(1988) fed olive oil at constant rate during cultivation of Pseudomonas fluorescens
strain to produce lipase. However, these studies focused on a specific product not

related to a bioinoculant.
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Hence both open-loop (dosing the substrate exponentially) and closed-loop

feeding strategies (DO- and pH-based) were employed to achieve high cell density

of R81 in fed-batch cultivation (Sarma et al. 2013). It was observed that exponential

feeding with the fixed specific growth rate of 0.10 and 0.20 h�1 failed due to

accumulation of glycerol and thereby triggering substrate inhibition. Hence

closed-loop strategies such as dissolved oxygen (DO) and pH were designed in

order to indirectly understand the physiology and residual sugar present in the

bioreactor during fed-batch cultivation of strain R81.Here the basic principle

remains similar to that of Suzuki et al. (1990) as depicted in Fig. 24.1b with certain

modifications. In case of DO-based fed-batch, the working principle is based on the

logic that whenever the limiting carbon is exhausted, the DO signal shoots up

instantaneously and settles at the saturation level as there is no active oxygen uptake

by the cells. Similarly when the limiting substrate is fed, there would be a gradual

drop in the DO signal as the cells present in the bioreactor will start taking up the

dissolved oxygen via respiration. Instead of directly using DO signal for feeding, a

modified algorithm was designed by considering the slope of DO signal and the sign

of this slope was used to decide whether the pump has to be switched-on or not. If

the slope was positive, the pump was switched-on and if it was negative, the pump

was turned-off automatically using the LabVIEW interface to drive the pump. This

strategy resulted in accumulation of 25 g/L of biomass along with 250 mg/L of

DAPG at the end of 72 h of cultivation (Sarma et al. 2013).

In the case of pH-based fed-batch technique, the working principle was based on

the fact that pH rises once the limiting carbon is exhausted due to release of

ammonium ions by cells and similarly during consumption of the substrate, the

pH usually drops (Yamane and Shimizu 1984). The major change was that the

feeding was carried out only within the dead band of the pH controller of Minifors

bioreactor. The chosen controller set value for pH was 6.90 with a dead band of

6.90 � 0.05 as shown in the Fig. 24.4.

Hence within this dead band, the pH control action will not take place and the

ammonia pump will remain switched off. Here within this dead band, a user set

value of 6.92 was provided and as the pH rose above this value, the glycerol pump

was switched-on again for calculated ton time such that the glycerol concentration

Fig. 24.4 Feeding strategy

for pH-based fed-batch

cultivation of fluorescent

pseudomonad R81
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increased to 2 g/L in the reactor. The ammonia pump was turned on whenever the

pH was below 6.85 and it never rose above 6.87 as the cells were actively growing.

Thus the pH 6.92 was selected as user defined value to ensure that the pH rise was

due to exhaustion of glycerol and not due to addition of ammonia solution (Sarma

et al. 2013). The feeding was based on the logic as depicted in Fig. 24.4. Using

pH-based cultivation, maximum biomass of 27 g/L along with 342 mg/L of DAPG

were achieved at the end of 50 h of cultivation, thereby increasing the productivity

of biomass in comparison to DO-based feeding (Sarma et al. 2013). The time course

data for strain R81 during fed-batch cultivation are shown in Fig. 24.5 (Sarma et al.

(2013). The same pH signal-based feeding strategy was also applied for high

density cultivation of another Pseudomonas sp. (strain R62) and similar enhance-

ments in biomass productivity were observed (Sarma et al. 2013). Thus pH signal-

based feeding strategy was observed to be highly robust for high cell density

cultivation of the fluorescent pseudomonads with highest biomass productivity.

Fig. 24.5 Time course of the pH-signal based fed-batch cultivation of fluorescent pseudomonad

R81 in a 5 L bioreactor. The feeding commenced at 22.5 h after batch cultivation and continued up

to 44 h followed by constant feeding for 6 h up to 50 h. Solid grey line denotes dissolved oxygen

(% saturation), the solid black line denotes pH profile. Filled square denotes dry cell weight (g/L)
and hollow square denotes glycerol (g/L) profile. Total feed medium fed into the bioreactor is

shown by stepped line (Sarma et al. 2013)
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Therefore from process point of view it has been established that fed-batch mode

of cultivation for potential bioinoculant strains of Pseudomonas spp. could improve

both the process efficiency and product efficacy. Commercial formulations of

Pseudomonas-based bioinoculants are either marketed as phosphate solubilizers

or biocontrol agents against plant-borne pathogens. Also certain bioinoculant

formulations include Pseudomonas spp. in their consortia in order to broaden the

efficacy of the product. Some of these include Blight Ban A506 (Nufarm,

Australia), Bactvipe (International Panacea Ltd., India), BactoFil A10 (AgroBio,

Hungary) etc. Hence,the fed-batch cultivation strategies can be effectively used for

high cell density cultures of thePseudomonas—based bioinoculants.

24.6 Conclusions

Fed-batch mode of operation of a bioreactor results in improved productivity of

biomass and biomolecules during microbial cell cultivation, and hence it is an

indispensable tool for industrial production of bioproducts. In this chapter, various

types of fed-batch cultivation strategies were discussed based on understanding of a

cell’s physiological condition, and event-based driving of the feed pump. Standard

mathematical calculations can be used to design exponential and optimal feeding in

which the feed-profile is designed as a priori. The application of fed-batch modes

for high cell density cultivation of a potential bio-inoculant strain belonging to

Pseudomonas spp., exemplified as a case study, can be employed gainfully for other

bio-inoulants.
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Chapter 25

Protocol for Biocontrol of Soybean Cyst

Nematode with Root Endophytic Fungi

Ruchika Bajaj, Senyu Chen, Weiming Hu, Yinyin Huang, Ram Prasad,

Vivek Kumar, Narendra Tuteja, Ajit Varma, and Kathryn E. Bushley

Abstract Plant-parasitic nematodes (PPNs) are major plant pests worldwide and

cause severe economic and yield losses. The sedentary endoparasites, root-knot

nematodes (RKNs, Meloidogyne spp.) and cyst nematodes (CNs, Globodera spp.

and Heterodera spp.), are among the most economically damaging PPNs.

Piriformospora indica, a plant growth-promoting fungus isolated from the Thar

Deserts of western India, has been shown to protect a wide range of plants from

various biotic and abiotic stresses. To evaluate the potential of P. indica to protect

soybean (Glycine max) seedlings from damage by the soybean cyst nematode

(SCN), we amended soil with two different concentrations of P. indica
(2.5 % w/w, T1, and 5 % w/w, T2) and inoculated with second-stage juveniles

(J2s) of SCN in each treatment. After 60 days, abundance of nematode eggs was

measured by calculating SCN egg population densities. We found that egg density/

100 cubic cm soil was significantly decreased by 29.7 % and 36.7 %, respectively,

in the soil amended with T1 and T2 compared to a control. Amendment with

P. indica also had a strong growth- and yield-promoting effect in Soybean.

Although root biomass was significantly decreased by 27.9 % and 33.5 % in the

two treatments compared to the control, shoot biomass (dry weight) increased by

30.8 % and 8.2 % in the T1 and T2 treatments compared to the control. Addition-

ally, plant development was accelerated and a 75 % increase in flowering was

observed between the T1 treatment and the control. We conclude that P. indica used
as a soil amendment decreases abundance of the SCN in soil and has plant growth-

promoting properties that may help counteract yield losses due to plant-parasitic

nematodes.
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25.1 Introduction

Plant-parasitic nematodes (PPNs) are small roundworms comprising about 4000

species infesting roots of thousands of plant species and causing tremendous crop

yield losses worldwide (Blok et al. 2008). Because nematodes are difficult or

impossible to see in the field, and their symptoms are often nonspecific, the damage

they inflict is often attributed to other, more visible causes. Thus, farmers and

researchers often underestimate their effects. A general assessment is that plant-

parasitic nematodes reduce agricultural production by approximately 12–14 %

worldwide (Postnikova et al. 2015), reducing production by millions of tonnes

every year. This causes global agricultural losses amounting to an estimated US

$173 billion annually (Elling 2013).

The amount of damage nematodes depends on a wide range of factors, such as

their population density, the virulence of the species or strain, and the resistance

(ability of the plant to resist infection by the nematode) or tolerance (ability of the

plant to produce high yield despite nematode attack) of the host plant. Other factors

also contribute to a lesser extent, including climate, water availability, soil condi-

tions, soil fertility, and the presence of other pests and diseases (Coyne et al. 2007).

25.2 Sedentary Endoparasites

Sedentary endoparasitic nematodes are the nematodes that, once they have reached

a feeding site inside the plant, cease to be mobile and feed from a fixed location.

The sedentary endoparasites, root-knot nematodes (RKNs, Meloidogyne spp.) and
cyst nematodes (CNs, Globodera spp. and Heterodera spp.), are among the most

economically damaging PPNs. These parasites are obligate biotrophs that can feed

only on the cytoplasm of living cells. Thus, both RKNs and CNs establish an

intimate relationship with their host plants, inducing the redifferentiation of root

cells into specialized multinucleate feeding cells (Quentin et al. 2013). They modify

host root tissue to create a nutrient sink from which they feed (Eves-van den Akker

et al. 2014).

25.3 Root-Knot Nematodes

Root-knot nematodes are obligate plant parasites that are distributed worldwide

(Niu et al. 2016). These specialized sedentary endoparasites attack more than 3000

plant species and cause up to 5 % losses in global crop yield (Trudgill and Blok

2001). Their vernacular name comes from the galls (root knots) induced by

Meloidogyne on the roots of their host plant. Mature females lay eggs in a protective

gelatinous matrix which forms an egg mass. Egg masses are found on the root
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surface or may be embedded in galls or plant tissue (e.g., potato tubers) and can

contain up to 1000 eggs. After embryogenesis, the first-stage juvenile (J1) molts

within the egg to form the infective second-stage juvenile (J2), which hatches from

the egg. Many Meloidogyne species have a broad host range, and, in general,

hatching is dependent solely on suitable temperature and moisture conditions,

with no stimulus from host plants being required. J2s usually penetrate the roots

directly behind the root cap but can penetrate at any site. To facilitate penetration,

J2s use a combination of physical damage through thrusting of the stylet and

breakdown of the cell wall by cellulolytic and pectinolytic enzymes.

25.4 Cyst Nematodes (Heterodera and Globodera spp.)

The cyst nematodes are obligate biotrophs and are of great economic importance

throughout the world. The most damaging species include soybean cyst nematodes

(SCNs) (Heterodera glycines), potato cyst nematodes (PCNs) (Globodera pallida
and G. rostochiensis), and cereal cyst nematodes (CCNs) (including Heterodera
avenae and H. filipjevi). Losses caused by CCNs are heavily dependent on envi-

ronmental conditions, but can be in excess of 90 % in some environments (Nicol

et al. 2011). PCNs have been estimated to cause losses of 9 % of total potato

production worldwide (Turner and Rowe 2006). This nematode originated in South

America, but has subsequently spread to nearly all major potato-growing regions of

the world, and is still a major quarantine pathogen (Hockland et al. 2012).

The infective stage juveniles (J2) of H. schachtii and other cyst nematodes hatch

from eggs that are stored in the cyst, the modified dead body of the females (Hütten
et al. 2015). This is the dormant stage of the life cycle, and in host-specific species,

hatching occurs in response to host-derived chemical cues present in root diffusates

(Perry 2002). The J2 then locates its host, invades, and migrates destructively and

intracellularly through the root until it reaches the inner cortex. Adult males leave

the root to mate with females. The females continue to feed and when egg

development is completed, they die and their body melanizes to form a cyst,

enclosing hundreds of eggs, which constitute a survival stage that can remain viable

for years in soils (Montarry et al. 2015; Bohlmann and Sobczak 2014). Particular

problems are caused by the ability of cyst nematodes to survive for prolonged

periods in the soil in the absence of a host (up to 20 years—Grainger 1964), making

control by rotations difficult and eradication, once established, almost impossible.

25.5 Biocontrol of Nematodes

Although agronomic management practices are often deployed to manage plant

parasitic nematodes, control with chemical nematicides is also used for high-value

crops. Because chemical nematicides are toxic and persistent, they are a human
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health risk and most are being phased out (Kumar et al. 2014). There is a great need

for less toxic and environmentally sustainable solutions to nematode pests.

Nematophagous fungi (including trapping, endoparasitic, and egg-parasitic fungi)

are important natural enemies of nematode pests (Wang et al. 2009). While some

nematophagous fungi directly parasitize nematodes, others may function through

inducing plant defense responses or through production of secondary metabolites

toxic to nematodes. Toxin-producing nematophagous fungi secrete toxins that

immobilize nematodes before penetration of hyphae through the nematode cuticle

(Lòpez-Llorca et al. 2008). Most of these fungi are Basidiomycota (e.g., Pleurotus,
Coprinus) (Yang and Zhang 2014). P. indica also released some nematicidal

compounds. Active compounds from culture filtrates of different endophytic

fungi have also been described to have nematicidal or nematistatic potentials

(Mani and Sethi 1984a, b; Cayrol et al. 1989; Cayrol and Djian 1990; Hallmann

and Sikora 1996; Anke and Sterner 1997; Chen et al. 2000; Meyer et al. 2000;

Daneshkhah et al. 2013).

25.6 Role of P. indica in Biological Control of Nematodes

Piriformospora indica, a plant growth-promoting endophytic fungus isolated from

the Thar Deserts of western India, has been shown to protect a wide range of plants

from various biotic and abiotic stresses (Bajaj et al. 2014). Analysis for taxonomic

position by molecular methods based on 18S rRNA sequences and by electron

microscopy suggests that this fungus is related to the Hymenomycetes of the

Basidiomycota (Varma et al. 1999). Recent evidence suggests that P. indica may

also provide protection from belowground invertebrate pests such as nematodes.

Daneshkhah et al. (2013) reported that plants precolonized with the biotrophic

colonization stage of P. indica prior to inoculation with Heterodera schachtii led
to a significant reduction in the number of nematode infection sites and disturbed

nematode development. Potential mechanical barriers formed by the hyphae that

may hinder J2 migration or syncytium expansion play a secondary and rather minor

role. Instead, they observed that in addition to direct colonization by the endophyte,

treatment of the roots with a cell wall extract of the mycelia also inhibited nematode

infection and development (Daneshkhah et al. 2013). This nematode-antagonistic

activity could also be explained by production of secondary fungal metabolites and

enzymes such as chitinases that feature toxicity against plant-parasitic nematodes

(Shinya et al. 2008). Filtrate from P. indica cultures has been shown to contain

compounds inhibitory to nematodes (Bajaj 2015).

404 R. Bajaj et al.



25.7 Case Study

The soybean cyst nematode (Heterodera glycines) is a plant-parasitic nematode

which is a major plant pest worldwide and causes severe economic and yield losses.

P. indica, a plant growth-promoting fungus isolated from the Thar Deserts of

western India, has been shown to protect a wide range of plants from various biotic

and abiotic stresses. To evaluate the potential of P. indica to protect soybean

seedlings from damage by the SCN, soil was amended with two different concen-

trations of P. indica (2.5 % as T1 and 5 % as T2 w/w) and inoculated with second-

stage juveniles (J2s) of SCN in each treatment. After 60 days, abundance of

nematode eggs was measured by calculating SCN egg population densities (Bajaj

et al. 2015) (Fig. 25.1).

Techniques to Study Biocontrol of SCN in Pot Trials
Preparation of Soil:
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Fig. 25.1 Isolation of J2 nematodes and inoculation into the pots. (a) Shoots were cut in dry soil;

(b) the soil was collected into the tub; (c) the roots were properly cleared of adhered cysts; (d) the

cysts attached to the pots; (e) the cysts attached to the roots; (f) the eggs of SCN seen under

microscope; (g) inoculation of J2s into the pot
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Preparation and Inoculation of J2s:

25.8 Fungal Root Colonization Percent

Roots should be washed in running tap water, cleaned by soaking in 10 % KOH for

4 days, acidified with 1 N HCl for 5 min, and then stained with lactophenol cotton

blue. The roots can be observed under 630� optical microscope (Olympus BH2,

Leeds Precision Instrument, Inc.). Estimation of percent colonization can be done

using the gridline intersect method (Norris et al. 1994; Varma and Kharkwal 2009).

Spores can be counted under a stereo binocular microscope.
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Percentage root colonization was calculated with the formula: percent coloniza-

tion ¼ number of colonized roots � 100/number of roots observed.

25.9 Measurement of Egg Density

Plants should be harvested 60 days after inoculation of juveniles. SCN complete

their life cycle in 60 days. The soil should be thoroughly mixed, and a subsample of

100 cubic cm (cc) soil (weight of approximately 190 g of soil � 100 cc soil) should

be collected in a 1 L beaker and soaked in 500 mL water for 30 min. The eggs

should be isolated and cleaned using the procedure described above in the section

“Preparation and inoculation of J2s.” The collected eggs should be diluted and the

concentration of nematode eggs should be counted in a known sample volume using

an inverted microscope in a petri plate with a grid. The total number of eggs can be

calculated with the following formula:

Total number of eggs

¼ number of eggs counted in sample volume� total volume of egg suspension

sample volume of egg suspension counted

25.10 Colonization of Soybean Roots by P. indica

In this study, P. indica was inoculated onto the oilseed crop soybean in a controlled
greenhouse trial in order to analyze its possible effects on growth, development, and

pest resistance toward the SCN. Staining of soybean roots with lactophenol cotton

blue revealed extensive root colonization by P. indica and formation of intracellular

chlamydospores. However, colonization was confined to the root cortex. Chla-

mydospores were found as isolated spores, pairs, tetrads, long chains, and some-

times in clusters. Levels of root colonization ranged from 45 to 50 % at 60 days

after planting.

25.11 Effects of P. indica on Growth and Development

of Soybean

Soybean showed a positive interaction with P. indica, as demonstrated by increased

shoot biomass and length of inoculated plants as compared to control plants

(Table 25.1). Shoot length increased by 17.4 % in the T1 treatment compared to

the control (Table 25.1). Similarly, the average shoot dry weight increased by
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30.8 % in the T1 treatment compared to control and by 8.2 % in the T2 treatment

(Table 25.1). In contrast, the overall weight of colonized roots was lower than the

weight of the uncolonized control roots. The root dry weights in the T1 and T2

treatments decreased by 27.9 % and 33.5 %, respectively, as compared to the

control (Table 25.1). There was no detectable effect of the fungus on the chloro-

phyll content (Table 25.1).

Inoculation with P. indica also affected the timing and extent of plant develop-

ment. The average number of leaves and branches increased by 17.2 % and 14.9 %,

respectively, in the T1 as compared to control, although these differences were not

statistically significant (Table 25.2). We also observed that P. indica not only

induced development of the vegetative aerial part of the plant, but was also

responsible for early maturation with respect to flowering. There was an increase

of more than 75 % in flowers observed in the T1 compared to the control

(Table 25.2). Similar results were observed for the T2 treatment with an increase

Table 25.1 Indicators of

plant growth and nutrient

status

Growth parameter Control T1 T2

% Root colonization� s.d. 0 46.04 48

n/a �0.03 �0.02

Shoot length (cm)� s.d. 38.16 44.80 38.86

�3.40 �2.78* �1.39

Chlorophyll (SPAD)� s.d. 28.78 29.38 28.80

�0.42 �0.63 �0.54

Root fresh weight (g)� s.d. 37.03 26.78 25.87

�4.03 �1.03* �2.24**

Root dry weight (g)� s.d. 11.97 8.63 7.96

�1.52 �0.69* �1.01**

Shoot fresh weight (g)� s.d. 43.91 55.13 47.50

�4.14 �8.01** �2.71*

Shoot dry weight (g)� s.d. 13.73 17.97 16.11

�1.00 �0.99** �0.95*

Statistically significant differences in comparisons between each

treatment and the control are indicated by * at p = 0.05 or ** at

p = 0.01

Table 25.2 Indicators of plant development

Development parameter Control T1 T2

No. of branches � s.d. 11.8 � 1.5 13.5 � 1.2 13 � 0.8

No. of leaves � s.d. 35 � 4.5 41 � 5.5 40 � 4.6

No. of flowers � s.d. 22.5 � 2.6 39.5 � 2.5** 28 � 1.4*

Statistically significant differences in t-tests between each treatment and the control are indicated

by * at p = 0.05 and ** at p = 0.01
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of 13.5 %, 10.6 %, and 24 % in a number of leaves, branches, and flowers,

respectively (Table 25.2).

25.12 Effect of P. indica on SCN Egg Density

The number of SCN eggs per cubic cm (cc) soil, a common screening measure of

SCN severity in agricultural fields, was significantly lower in the P. indica-
amended pots (Table 25.3). There was a decrease of 29.7 % in the T1 treatment

and 36.7 % in the T2 treatment (Table 25.3). Egg density per cc soil was also

significantly reduced by 11.0 % between the T1 and the T2 treatments (Table 25.3).

Egg density calculated as number of eggs/cc soil/gram root wet or dry weight also

showed a trend of decreasing egg density with increasing P. indica in soil, although
these comparisons were not statistically significant. For egg density/cc soil/gram

root wet weight, the egg density decreased by 3.5 % from control to T1 and by

7.1 % from 2.5 % to T2. For egg density/cc soil/gram root dry weight, these

decreases were 3.9 % and 1.9 %, respectively (Table 25.3).

25.13 Conclusion

Of the microorganisms that parasitize or prey on nematodes, fungi hold an important

position and some of them have shown great potential as biocontrol agents (Jatala

1986; Stirling 1991). Amendment of soil with P. indica appeared to reduce egg

production by the SCN while also stimulating growth and development of soybean

plants. While further research is needed to address the specific mechanisms by which

P. indica is able to lower levels of SCN eggs in soil while also enabling soybean plants

to sustain higher yields in the presence of the SCN, it appeared that the fungus has

potential applications for controlling levels of SCN infestation in agricultural soils.

Table 25.3 Effects of P. indica on SCN egg density

Egg density Control T1 T2

Eggs/100 cc soil � s.d. 1.548 � 106

�0.105 � 106
1.088 � 106

�0.062 � 106*
0.980 � 106

�0.054 � 106**

Eggs/g root wet weight � s.d. 0.342 � 106

�0.045 � 106
0.330 � 106

�0.028 � 106
0.308 � 106

�0.019 � 106

Eggs/g dry root weight � s.d. 0.106 � 106

�0.190 � 106
0.102 � 106

�0.066 � 106
0.100 � 106

�0.080 � 106

Statistically significant differences in t-tests between each treatment and the control are indicated

by * at p = 0.05 and ** at p = 0.01
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Lòpez-Llorca LV, Macia-Vicente JG, Jansson HB (2008) Mode of action and interactions of

nematophagous fungi. In: Ciancio A, Mukerji KG (eds) Integrated management and biocontrol

of vegetable and grain crops nematodes. Springer, Dordrecht, pp 51–76

Mani A, Sethi CL (1984a) Effect of culture filtrates of Fusarium oxysporum f. sp. cicero and

Fusarium solani on hatching and juvenile mobility of Meloidogyne incognita. Nematropica

14:139–144

Mani A, Sethi CL (1984b) Some characteristics of culture filtrate of Fusarium solani toxic to

Meloidogyne incognita. Nematropica 14:121–129

Meyer SLF, Massoud SI, Chitwood DJ, Roberts DP (2000) Evaluation of Trichoderma virens and
Burkholderia cepacia for antagonistic activity against root-knot nematode, Meloidogyne
incognita. Nematology 2:871–879

Montarry J, Jan PL, Gracianne C, Overall AD, Bardou-Valette S, Olivier E, Fournet S, Grenier E,

Petit EJ (2015) Heterozygote deficits in cyst plant-parasitic nematodes: possible causes and

consequences. Mol Ecol 24:1654–1677

Nicol JM, Turner SJ, Coyne DL, den Nijs L, Hockland S, Maafi ZT (2011) Current nematode

threats to world agriculture. In: Jones JT, Gheysen G, Fenoll C (eds) Genomics and molecular

genetics of plant–nematode interactions. Springer, Heidelberg, pp 21–44

Niu J, Liu P, Liu Q, Chen C, Guo Q, Yin J, Yang G, Jian H (2016) Msp40 effector of root-knot

nematode manipulates plant immunity to facilitate parasitism. Sci Rep 6:19443. doi:10.1038/

srep19443

Norris JR, Read D, Varma AK (1994) Techniques for mycorrhizal research. Academic, London

Perry RN (2002) Hatching. In: Lee DL (ed) The biology of nematodes. Taylor and Francis,

London, pp 147–169

Postnikova OA, Hult M, Shao J, Skantar A, Nemchinov LG (2015) Transcriptome analysis of

resistant and susceptible alfalfa cultivars infected with root-knot nematode Meloidogyne
incognita. PLoS One 10:e0118269

Quentin M, Abad P, Favery B (2013) Plant parasitic nematode effectors target host defense and

nuclear functions to establish feeding cells. Front Plant Sci 4:53. doi:10.3389/fpls.2013.00053

Shinya R, Aiuchi D, Kushida A, Tani M, Kuramochi K, Koike M (2008) Effects of fungal culture

filtrates of Verticillium lecanii (Lecanicillium spp) hybrid strains on Heterodera glycines eggs
and juveniles. J Invertebr Pathol 97:291–297

Stirling GR (1991) Biological control of plant parasitic nematodes. Progress problems and

prospects. CAB International, Wallingford, p. 282

Trudgill DL, Blok VC (2001) Apomictic, polyphagous root-knot nematodes: exceptionally suc-

cessful and damaging biotrophic root pathogens. Annu Rev Phytopathol 39:53–77

Turner SJ, Rowe JA (2006) Cyst nematodes. In: Perry RN, Moens M (eds) Plant nematology. CAB

International, Wallingford, pp 90–122

Varma A, Kharkwal AC (2009) Symbiotic fungi. Springer, Berlin

Varma A, Verma S, Sahay N, Bütehorn B, Franken P (1999) Piriformospora indica a cultivable

plant-growth-promoting root endophyte. Appl Environ Microbiol 65:2741–2744

Wang B, Liu X, Wu W, Liu X, Li S (2009) Purification, characterization, and gene cloning of an

alkaline serine protease from a highly virulent strain of the nematode-endoparasitic fungus

Hirsutella rhossiliensis. Microbiol Res 164:665–673

Yang J, Zhang KQ (2014) Biological control of plant-parasitic nematodes by nematophagous

fungi. In: Zhang KQ, Hyde KD (eds) Nematode-trapping fungi. Springer, Dordrecht,

pp 231–262

412 R. Bajaj et al.

http://dx.doi.org/10.1038/srep19443
http://dx.doi.org/10.1038/srep19443
http://dx.doi.org/10.3389/fpls.2013.00053


Chapter 26

Spectrophotometric Assays to Evaluate

the Rhizospheric Microbes Mediated

Drought Tolerance in Plants

Jaagriti Tyagi and Ramesh N. Pudake

Abstract Drought stress is the most threatening environmental effect which limits

the growth and productivity of plants globally. It is considered to cause oxidative

stress in plants which results in the accumulation of reactive oxygen species.

Oxidative stress is defined as an imbalance between antioxidants and reactive

oxygen species (ROS) in response to any environmental stress. The antioxidant

defence machinery protects plants against oxidative stress damages. Plants possess

very efficient enzymatic (superoxide dismutase, SOD; catalase, CAT; polyphenol

oxidase; guaiacol peroxidase), non-enzymatic (ascorbic acid, ASH; glutathione,

GSH; phenolic compounds), and osmolyte (proline and soluble sugars) antioxidant

defence systems which work in concert to control the cascades of uncontrolled

oxidation and protect plant cells from oxidative damage by scavenging of ROS.

Various soil microorganisms such as arbuscular-mycorrhizal fungi or plant growth-

promoting rhizobacteria (PGPR) are the obligate symbionts that can improve plant

tolerance to drought stress by increasing both plant nutrition and antioxidant

defence system against the oxidative stress produced by water scarcity. In a natural

soil, rhizosphere competence needs to be considered for successful interactions

between these microorganisms and plants to overcome the environmental stress

problem. In this chapter, we centred the assay/protocols to evaluate this relationship

of antioxidant machinery and rhizospheric microbes by various spectrophotometric

biochemical assays.
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26.1 Introduction

An unfavourable environment for a living organism is termed as abiotic stress

and the ability of living organism to acclimate to such harsh environmental

conditions can be called as abiotic stress resistance or stress tolerance (Bohnert

et al. 2006). Plant growth and productivity are adversely affected by water stress

such as reduction in leaf size, stem extension and root proliferation, water use

efficiency, and disturbing plant water relations. During cellular respiration, the

accretion of molecular O2 in environment allows aerobic organism to utilize O2

as the terminal electron acceptor. O2 gives rise to prolific reactive excited states,

like reactive oxygen species (ROS) and their derivatives during the various

environmental stresses (Scandalios 2005). Furthermore, it causes changes in a

number of physiological and biochemical processes governing plant growth and

productivity (Daie and Patrick 1988). Assimilation of CO2 by leaves is reduced

mainly by stomatal closure, membrane damage, and disturbance in the activity

of various enzymes, especially those of involved in CO2 fixation and adenosine

triphosphate (ATP) (Farooq et al. 2009). Plant tolerance to abiotic stress largely

depends on their tolerance against oxidative stress, which is acquired largely

by strong antioxidant defence systems (Al-Ghamdi 2009; Kocsy et al. 1996).

The antioxidant system scavenges ROS through non-enzymatic antioxidants

like ascorbic acid (AsA) and glutathione (GSH), phenolic compounds

(vitamin E, flavonoids, phenolic acids), alkaloids, non-protein amino acids,

α-tocopherols, carotenoids, chlorophyll derivatives, and enzymatic antioxidants

like superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX),

glutathione reductase (GR), monodehydroascorbatereductase (MDHAR),

dehydroascorbate reductase (DHAR), glutathione peroxidase (GPX), and gluta-

thione S-transferase (GST) (Pang and Wang 2008; Gill and Tuteja 2010;

Hasanuzzaman et al. 2012).

The results of many ongoing and past studies have shown that several plant

species acquire stress tolerance by microbial associations during their growth.

These associations are very critical for their survival. The ability of different plants

to adapt to stress conditions is often considered to be dependent on their association

with certain microbes. This give rise to a question how the plant can tolerate stress

when associated with appropriate microbial partners. The physiological and bio-

chemical analysis could make the mechanism of stress tolerance clear and could

lead to new ways towards a sustainable agriculture. Plant growth-promoting

rhizobacteria (PGPR) and endo- and ectomycorrhiza are the class of microbes

that are associated with plant roots. These rhizhospheric microbes might be

involved in modifying the physiological processes in associated plant that results

in “induced tolerance” in plants for drought stress. Thus, there is a need of studying

plant response towards abiotic stress, and investigating the mechanism of microbes

assisted tolerance is critical for achieving the target of developing tolerant plants.
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So the methodology of biochemical assays of some of the stress markers is

discussed in this chapter.

26.2 The Plant Growth Conditions and Drought Exposure

Needed for Evaluation for Plant Responses

Seeds of plant chosen for study need to be surface sterilized for some time

depending on size and seed parameters of different species. The common agents

used for surface sterilization are sodium hypochlorite, mercuric chloride (HgCl2),

and ethanol. Finally, the seeds should be washed with distilled water thrice to

remove trace amounts of adhering sterilizing agents from the seed surface. Seeds

can be germinated in petri plates containing double-layered autoclaved filter paper

with distilled water at 27 � 2 �C. Three- to seven-day-old seedlings with uniform

length should be transferred to pots and grown in a poly-house under controlled

conditions.

Soil should be sieved in order to prepare uniform mixture of soil. Soil mixture

must be autoclaved three times on alternative days at 121 �C (250 �F)/15 psi

(pounds per square inch) for 60 min. Autoclaved soil must be placed loosely in

pots in order to make uniform and soft bed. Pot should be weighed accurately to

measure the uniform field capacity; and now pots are ready for planting. Make

1 cm deep hole in pots with the help of borer/or inoculating tips, and transfer

seeds/seedlings in these holes without damaging roots. Seeds need to be distrib-

uted evenly onto the surface of soil. The microbial inoculum can be added to soil

by soil application or seed treatment. After transferring in pots, plants need to be

irrigated with tap water/distilled water at regular interval for pre-decided period,

or until the plant reaches required growth. The moisture stress treatment can be

given by getting the soil water status to 100 % (no-stress) and required water

stress. For example, for 60 % (mild-stress) and 40 % (severe stress) of field

capacity (FC), pots with plants are allowed to dry to the required level (for details,

see Fig. 26.1).

After each day, the pots with plants need to be weighed and the amount of water

lost by evapotranspiration can be supplied by re-watering to bring the soil water

status back to 100, 60, and 40 % FC.

%Soil moisture ¼ Fresh weight of soil� Dry weight of soil=dry weight of soil
� 100

After suitable duration of drought treatment, plants are harvested and stored in

�20 �C (Biochemical analysis) and �80 �C (Molecular analysis).
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26.3 Assessment of Drought Stress Response

For these experiments, materials like micropipette, centrifuge tubes, liquid nitro-

gen, motor and pestle, and distilled water are required. The equipment such as

growth chamber, hot air oven, pH meter, UV–Vis spectrophotometer, and weighing

balances are also required. Evaluation of drought stress in plant samples can be

done by analysis of various biochemical parameters. The principles and methodol-

ogy for each assay are discussed.

26.3.1 Estimation of Total Protein from Plant Samples

The Bradford reagent can be used to determine the concentration of proteins in

solution (Bradford 1976). The procedure is based on the formation of a complex

between the Brilliant Blue G dye and proteins in solution. The protein–dye complex

shifts the absorption spectrum maximum of the dye from 465 to 595 nm. The

amount of absorption is proportional to the protein present in sample.

The reagents needed for extraction of enzymes/protein from plants are deionized

water, sodium phosphate buffer (50 mM, pH 7.5), phenylmethylsulfonyl fluoride

Fig. 26.1 Schematic diagram of procedure for seed germination and transfer to the pots

containing soil–sand mixture and the microbial inoculum
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(PMSF, 1 mM), polyvinylpyrrolidone [8 % (w/v)], and Triton X-100 (0.01 %). For

protein estimation, lyophilized 100 mg of plant sample is grounded in 0.01 M

potassium phosphate buffer. Then mixture should be centrifuged immediately for

10 min at 12,000 rpm at 4 �C, and the supernatant is taken for protein estimation.

Afterward, add 1 ml of Bradford reagent into 50 μl of extracted sample, and

incubate the sample at room temperature for 5–10 min. Take the absorbance of

sample at 595 nm against the blank processed in same manner. The protein dye

complex is stable up to 60 min, so the absorbance of the samples must be recorded

before 60 min time limit, and within 10 min of analysis of control samples. The

bovine serum albumin (BSA) is used as standard for the construction of standard

curve.

Calculate protein concentration using the equation given below:

X ¼ absorbanceþ 0:6897

1:5353¼ Take antilog ðAnswerÞ
¼ μg=10 μl

(The values later can be converted into mg/mol).

26.3.2 Quantification of the Enzymatic Antioxidant Activity

In this chapter, we have also provided the details of enzyme activity that are

measured spectrophotometrically to give researchers an easy and accurate way to

understand an important part of defense against oxidative stress. All enzyme assays

can be conducted using leaf or root tissues from the plants which are cocultivated

with microbes under drought stress.

26.3.2.1 Estimation Superoxide Dismutase (SOD) Enzyme

SOD enzyme causes autoxidation of pyrogallol (1,2,3-benzenetriol) rapidly in

alkaline solution, and the reaction has been employed for the removal of oxygen

from gases. The autoxidation of pyrogallol was investigated in the presence of

EDTA in pH range of 7.9–10.6. The rate of autoxidation increases with increasing

pH. The enzyme superoxide dismutase almost inhibited 99 % of the reaction,

indicating the total dependence on the participation of superoxide anion radical,

O2
.� in the reaction.

Reagents needed for the estimation of SOD enzyme: Tris-HCL buffer (0.1 M,

pH 8.2), EDTA (10 mM), Pyrogallol (7.2 mM), and HCL (1 N) in deionized water.

Enzyme assay: The method used for monitoring the SOD activity is given by

Marklund and Marklund (1974). Briefly, take 3 ml of reaction mixture containing

Tris-HCL buffer and 10 mM EDTA (EDTA is difficult to solubilize in water, so the

pH of the solution need to be increased more than eight using NaOH in order to
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solubilize these salts). To this reaction mixture 100 μl of enzyme extract should be

added rapidly, mixed well, and allowed to incubate at 25 �C for 10 min. The

reaction is stopped by adding 50 μl of 10 mM HCL, and absorbance is measured

at 420 nm. Calculate the percentage of SOD activity by the following formula:

SOD activity %ð Þ ¼ 1� A� Bð Þ=C�� �� 100

The extracted sample added with (A) or without pyrogallol (B), and control

(C) was represented by buffer solution added with pyrogallol.

26.3.2.2 Estimation of Catalase (CAT) Enzyme

Plant cells perform several metabolic processes by which hydrogen peroxide is

produced as a harmful by-product. In most living organisms that are exposed to

oxygen, the plant cells use catalase enzyme to speed up the process and breaking

down the harmful hydrogen peroxide to the less dangerous oxygen gas and water

molecules.

The continuous spectrophotometric rate reduction is based on the following

equation:

2H2O2 ���!CAT
2 H2Oþ O2

Reagents needed for the estimation of catalase enzyme: Potassium phosphate

buffer 50 mM and hydrogen peroxide solution (30 %).

Enzyme Extraction: Catalase activity can be measured by the method suggested

by Luck (1974). For this, lyophilize 0.5 g of tissue in a precooled mortar and pestle

and add 1.5 ml of potassium phosphate buffer. Centrifuge this resulting suspension

at 12,000 rpm for 20 min at 4 �C, and then use this extracted supernatant for enzyme

assay.

Enzyme Assay: To estimate catalase enzyme, take 3 ml of H2O2-phosphate

buffer in an experimental cuvette and 40 μl of enzyme extract is rapidly added in

it. The enzyme solution containing H2O2-free phosphate buffer serve as control.

The UV absorption of hydrogen peroxide is measured at 240 nm, whose absorbance

decreases when degraded by the catalase enzyme. From the decrease in absorbance,

the enzyme activity can be calculated as: one unit of catalase will decompose

1.0 μmole of H2O2 per minute at pH 7.0 at 25 �C, while the H2O2 concentration

falls from 10.3 to 9.2 mM. The rate of disappearance of H2O2 is followed by

observing the rate of decrease in the absorbance at 240 nm.
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26.3.2.3 Estimation of Polyphenol Oxidase (PPO) Enzyme

Phenol oxidases are copper containing proteins that catalyze the aerobic oxidation

of phenolic substrates to quinines, which are autoxidized to dark brown pigments

known as melanins. These enzymes are released by the broken cells, and they

catalyze the reaction between colorless molecules called polyphenols and molecu-

lar oxygen. These can be estimated spectrophotometrically at 495 nm. Catechol is

one of the substrate for these enzymes, so it is alternatively called as “catechol

oxidases”. Catechol is first oxidized to the orange compound benzoquinone which

is then converted to melanins. The conversion to melanin is spontaneous but slow.

Catechol þ Oxygen ! BenzoquinoneþWater ! Melanins

Reagents needed for the estimation of enzyme: Catechol (50 mM) and potassium

phosphate buffer (100 mM, pH 6.0).

Enzyme assay: Method of Cavalcanti et al. (2007) is used for the estimation of

PPO enzymes. The reaction mixture contains 100 mM potassium phosphate buffer

(pH 6.8), 2.5 ml of 25 mM catechol, and 50 μl enzymatic extract. Measure the

increase in absorbance of the reaction mixture at 410 nm by monitoring the

oxidation of catechol. A value of 1300 M�1 cm�1 was employed for the molar

extinction coefficient of o-Quinone (Gauillard et al. 1993). One unit of enzyme

activity was expressed as μmol product formed/min/mg of protein.

26.3.2.4 Estimation of Guaiacol Peroxidase (GPOX) Enzyme

This method is based on monitoring GPOX scavenging activity by using guaiacol

as a hydrogen donor. Presence of the enzyme is checked by mixing the extract with

H2O þ O2 and 2-methyoxyphenol which is commonly known as guaiacol. Perox-

idase converts H2O2 to H2O and O2. If the enzyme is present, the peroxide is

quickly converted to water and oxygen, and the oxygen reacts with the guaiacol to

produce a brown product, oxidized guaiacol.

2H2O2 ���!GPOX
H2Oþ O2

The reaction serves to convert toxic hydrogen peroxide (H2O2), a product of

metabolism, into water and oxygen. The dye guaiacol (extracted from the guaiacum

tree of Central and South America and the Caribbean) binds to peroxidase and

becomes oxidized as the hydrogen peroxide is reduced to water. The complete

reaction is as follows:
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H2O2 þ 4� guaiacolðreducedÞ���!GPOX
8H2Oþ TetraguaiacolðoxidizedÞ

Colourless Brown

Reagents needed for the estimation of enzyme: Guaiacol (40 mM), H2O2

(10 mM), and potassium phosphate buffer (100 mM, pH 6.5).

Enzyme assay: GPOX enzyme can be estimated according to the method

suggested by Zhang et al. (2010). In 6 ml of reaction mixture, add 1 ml of

40 mM guaiacol (v/v), 1 ml of 10 mM H2O2 (v/v), and 4 ml of 100 mM potassium

phosphate buffer (pH 6.5). Then 10 μl enzyme extract should be added rapidly to

initiate the reaction. The blank sample must contain the same reaction mixture,

without the enzyme extract. The absorbance should be recorded at 436 nm and the

results are expressed in nM/min/mg of protein using an extinction coefficient of

25.5 mM�1 cm�1.

Note: Guaiacol smells really bad. The whole process has to be conducted in

fume hood.

26.3.3 Quantification of the Non-enzymatic Antioxidant
Activity During Drought Stress

26.3.3.1 Estimation of Ascorbic acid (AsA) Content

Ascorbate (L-ascorbic acid) is a critical metabolite, which functions as a major

redox buffer in plant cell. It is involved in various mechanisms such as regulation of

cell division and growth (Horemans et al. 2000; Potters et al. 2002), regeneration of

antioxidants, cofactor for enzymes including dioxygenases, ascorbate peroxidase,

and violaxanthinde-epoxidase (Noctor et al. 2002), and protects cells and organelles

from oxidative damage by scavenging reactive oxygen species and hydrogen

peroxide. Ascorbate acts as antioxidant due to its involvement as donor of electrons

in a wide range of enzymatic and non-enzymatic biochemical reactions (Noctor and

Foyer 1998). Ascorbate is converted to dehydroascorbate by the treatment with 2,4

nitrophenyl hydrazine (DNPH) to form osazone, which dissolves in sulphuric acid

to give an orange-coloured solution, and absorbance can be measured spectropho-

tometrically at 540 nm.

Reagents required for the estimation of AsA: 5 % (v/v) sulphosalicylic acid and

10 % thiourea.

Extraction Procedure: AsA content can be measured as described by Foyer et al.

(1983). Lyophilize 0.1 g of fresh sample in a mortar containing 3 ml of 5 % (v/v)

sulphosalicylic acid. Vortex it for few seconds, and centrifuge this resulting

homogenate at 10,000 rpm for 15 min at 4
�
C. Add a pinch of activated charcoal

in the resulting supernatants and mix thoroughly. After 5–10 min, centrifuge the

mixture again to remove charcoal residue, and resulting supernatant is used for

estimation of AsA content.
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Assay: Add 0.5 ml of DNPH reagent to 0.5 ml of extracted supernatant, followed

by 2 drops of 10 % thiourea solution. Vortex the mixture for few seconds and

incubate the sample at 37 �C for 3 h. Dissolve the osazones formed in 2.5 ml of

85 % sulphuric acid, under cool conditions. For blank sample, sulphuric acid is

added before the addition of DNPH and thiourea. Read the absorbance at 540 nm.

Calculate the ascorbate concentration as mg ascorbate/g of leaf.

Note: Concentrated H2SO4 is corrosive and toxic when inhaled and when in

contact with the skin. Protect skin and wear gloves and a lab coat; use in a

fume hood.

26.3.3.2 Estimation of Chlorophyll Content

As chlorophyll is the major component of chloroplast required for photosynthesis;

its content is reduced in plants due to limited supply of water (Paknejad et al. 2006).

This reduction is a typical symptom of oxidative stress which results in the photo-

oxidation and chlorophyll degradation (Anjum et al. 2011). Drought stress affects

the photosynthesis process due to low availability of CO2 which causes low

stomatal and mesophyll conductance (Flexas et al. 2008) and/or impairs carbon

assimilation metabolism (Peeva and Cornic 2009). Stomatal closure and lower light

use efficiency are an early response to drought and an efficient way to reduce water

loss in water-limiting environments. Chloroplast are readily extracted in organic

solvents such as acetone, ether, and dimethyl sulfoxide.

Reagents: DMSO (Dimethyl sulfoxide).

Procedure:
Estimate the chlorophyll concentration by following the method of Hiscox and

Israelstam (1979). Weigh 0.1 g of leaf sample and cut into small pieces with the

help of scissor. Then, add 7 ml of dimethyl sulfoxide (DMSO) in test tubes

containing 0.1 g of green-leaf tissue. Keep the test tubes in water bath at 65 �C
for 30 min (expand time until green tissue becomes white). Then cool the tubes at

room temperature; filter the resulting leaf sample, and make up volume upto 10 ml

by adding DMSO. After vortexing for a few seconds, measure the absorbance at

645 and 663 nm. Calibrate spectrophotometer at zero absorbance using a blank of

pure DMSO. The amount of chlorophyll present in the extract is calculated in mg

of chlorophyll per gram tissue according to the following equation (Arnon 1949).

Chla g l�1
� � ¼ 0:0127� A663� 0:00269� A645;

Chlb g l�1
� � ¼ 0:0229� A645� 0:00468� A663;

Tot Chl g l�1
� � ¼ 0:0202� A645þ 0:00802� A663:

Notes:

1. DMSO is a hazardous substance, before handling, ensure nitrile gloves, lab coat,

and safety glasses are worn. All work with DMSOmust done under a fume hood.

2. To avoid the decomposition of chlorophyll pigments, take OD after 20 min of

extraction procedure completed.

3. Discard major veins and any tough, fibrous tissue.
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4. Avoid the exposure of leaf materials to direct sun light (take care to avoid the

excessive loss of moisture from leaf by preserving them in distilled water)

26.3.3.3 Malondialdehyde (MDA) Content Estimation (Lipid

peroxidation)

Lipid peroxidation is a well-established mechanism of cellular injury in plants and

animals. Membranes are very prone to attack by reactive oxygen species (ROS), so

lipid peroxidation is used as an indicator of oxidative stress in cells and tissues

(Hodges et al. 1999). Lipid peroxides are unstable and decompose to form a

complex series of compounds including reactive carbonyl compounds, especially

certain aldehydes (malondialdehyde, MDA), 4-hydroxy-2-nonenal (4-HNE) that

damage cells by the binding of the free amino groups of amino acids of proteins.

This type of peroxidation is a chemical process, in which unsaturated fatty acids of

lipids are damaged by free radicals and oxygen under lipoperoxides formation.

Malondialdehyde is a secondary end product of the oxidation of polyunsaturated

fatty acids and reacts with thiobarbituric acid (TBA) to yield a pinkish-red

chromagen with maximal absorbance at 532 nm (Hodges et al. 1999).

Reagents required for the estimation of MDA content: Thiobarbituric acid

(0.37 %), trichloroacetic acid (20 %), malondialdehyde, and HCL (0.25 N).

Procedure: 0.1 g of lyophilized plant material is transferred into a glass test tube

containing 1 ml 5 % (w/v) TCA and thoroughly mix the sample. Centrifuge

homogenized samples at 10,000 rpm for 10 min. Add 4 ml of 20 % TCA containing

0.37 % TBA to the supernatant and mix well. Boil the mixture at 95 �C for 15 min

and quickly cool on ice. TBA can interact with MDA and results in red compound

in acidic buffer. MDA can be calculated by measuring the density of the resulting

red compound with spectrophotometer at 532 nm. To generate a standard curve, a

serial concentration of MDA is made from 1–50 μM.

26.3.3.4 Total Phenol Estimation

Phenols are the major group of plant’s secondary metabolites; and are the major

antioxidant molecules. Aromatic ring with –OH or –OCH3 substituents present in

polyphenols contributes to their biological activity, including antioxidant action. A

plant system contains two types of phenolics: cell wall phenolics, -lignins that

provide mechanical barrier against penetration of biotic stressors and mechanical

strength to plants under abiotic stresses, and soluble phenolics, which are ROS

scavengers. The soluble phenolics are also used by peroxidases to detoxify ROS

because the electron reduction potential of the phenolic radical is lower than the

electron reduction potential of oxygen radicals (Grace and Logan 2000) and oxygen

radicals are more reactive than phenoxyl radicals (Bors et al. 1990). Polyphenols

can act as chelators for transition metal ions, can directly scavenge molecular

species of active oxygen, and can inhibit lipid peroxidation by trapping the lipid
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alkoxyl radical. Estimation of phenols using Folin-Ciocalteu’s reagent is based on

the reaction between benzene ring of phenols and an oxidizing agent

phosphomolybdate in Folin-ciocalteu reagent which results in the formation of a

blue complex (Bray and Thorpe 1954).

Reagents required for the estimation of total phenol content: Methanol (80 %),

Folin-Ciocalteu reagent (1 N), sodium carbonate (700 mM), and gallic acid

monohydrate.

Extraction Procedure: Harvested plants need to be shade dried for 5–7 days.

Extract 100 mg of dry plant material with 4 ml of 80 % methanol. Place the phenol

extract on an orbital shaker and incubate at room temperature for 2 h before phenol

analysis (extraction should be done in brown test tubes to prevent oxidation). Keep

the tubes in water bath at 30 �C for 30 min. Centrifuge the extract at 10,000 rpm,

and collect supernatant in new test tube. Extract the pellet again with 2 ml of 80 %

methanol, and after centrifugation the supernatant is added to the earlier superna-

tant. Other compounds such as chlorophyll and lipids that can disturb the colour

reaction can be extracted with chloroform and 2.5 ml deionized water. Remove the

chloroform by centrifugation for 10 min at 5000 rpm. The methanol water fraction

is ready to be used for determination total phenolic content. Remaining samples can

be used for extraction for insoluble sugars (fructans and starch).

Assay protocol: Prepare blank by adding 500 μl of methanol, 2.5 ml 10 % Folin-

Ciocalteu’s reagent dissolved in water, and 2.5 ml of NaHCO3. The same procedure

was repeated for the standard solution of gallic acid, and the calibration line is

constructed. The content of phenolics in extracts is expressed in terms of gallic acid

equivalent (mg of GA/g of extract).

Notes and troubleshooting tips: All reagents and solvents should be of analytical
grade or of pure quality. Extraction should be done in dark-coloured test tubes to

prevent oxidation. The F–C reagent should be added before the alkali to avoid the

air oxidation of phenol. Deviation in the blue colour of samples results due to

interference of glucose and fructose. Protein interference can be removed by TCA

(Trichloro acetic acid).

Hazards: Gallic acid can cause irritation to eyes, respiratory system, and skin, so

always wear gloves, lab coat, and goggles, and work in fume hood as required.

26.3.3.5 Estimation of Flavonoid Content

Flavonoids are the major secondary metabolites of plant, which accumulate in

response to environmental stress such as biotic and abiotic stress (Saito et al.

2013). These antioxidants help in the scavenging of H2O2 and H2O2 generated

hydroxyl radicals which are located in the nucleus of mesophyll cells (Agati et al.

2012). Flavanoids have the capacity to scavenge free radical due to the reduction

potentials, and the consequent radical forms are lower than those of alkyl peroxyl

radicals and the superoxide radical.

Reagents needed for the estimation of flavonoid content: 10 % aluminium

chloride solution, 1 M potassium acetate, and methanol (80 %).
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Procedure: Ordonez et al. (2006) had described the methodology to estimate

total flavonoid contents of plants. This method is based on the formation of a stable

complex between aluminium chloride and keto and hydroxyl groups of flavones and

flavonoids. Extraction procedure for flavonoid is same as described in total phenol

estimation. For assay by spectroscopy, add 0.1 ml of methanolic extracts with

0.1 ml of 10 % aluminium chloride prepared in methanol. Shortly in this mixture,

add 0.1 ml of 1 M potassium acetate and 2.8 ml of distilled water. Thoroughly mix

the resultant mixture and incubate for 30 min at room temperature. Yellow colour

developed after incubation indicates the presence of flavonoid. Measure the absor-

bance of sample at 414 nm using UV–VIS spectrophotometer. Total flavonoid

content is calculated as quercetin equivalent (mg/g).

Hazards: Anhydrous AlCl3 reacts vigorously with bases, so suitable precautions
are required. It can cause irritation to the eyes, skin, and the respiratory system if

inhaled or on contact.

26.3.3.6 Proline Content Estimation

Proline, an amino acid plays key roles in plants such as redox homeostasis, osmotic

regulation, protection of cell against various biotic and abiotic stresses, and cell

signalling mechanism. One of the potentially important mechanisms of drought

tolerance is osmotic regulation, which can be achieved by the accumulation of

osmolytes like proline. It allows cell enlargement and plant growth during severe

drought stress and allows stomata to remain partially open and CO2 assimilation to

continue during drought stress (Hare et al. 1998). Proline helps the cells to maintain

their dehydrated state and the structural integrity of the membranes so as to provide

resistance against drought and cellular dehydration (Ramanjulu and Bartels 2002).

Ninhydrin (2,2-dihydroxyindane-1,3-dione) is extensively used to assay primary

and secondary amines. At neutral pH, it destroys each primary α-amino acid and

also reacts with the released NH3 to form a deep purple chromogen referred to as

Ruhemann’s Purple, which has a maximum absorption at about 570 nm.

Procedure: Prepare reagents like a solution of 3 % sulphosalicylic acid, proline,

ninhydrin, glacial acetic acid triorthophosphate (6 M), and toluene required for the

estimation of proline. Proceed proline colorimetric determination according to

Bates et al. (1973) and Marin Velazquez et al. (2010).

Lyophilize 0.1 g of plant material in 2 ml of 3 % aqueous sulphosalicylic acid

and centrifuge at 12,000 rpm for 10 min for extraction. Resulting supernatant reacts

with 1 ml acid-ninhydrin and 1 ml of glacial acetic acid in a test tube. Vortex the

reaction mixture thoroughly and keep in boiling water bath for 1 h at 100 �C. Then
the reaction is terminated on an ice bath (5–10 min). After cooling, the reaction

mixture is extracted with 2 ml toluene, mixed vigorously and left at room temper-

ature for 30 min until separation of the two phases. The chromophore-containing

toluene (1 ml, upper phase) is warmed to room temperature and measure the optical

density of the sample at 520 nm using toluene as a blank. The proline concentration

is determined from a standard curve using D-Proline.
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Role of reagents:
Sulfosalicylic acid causes the precipitation of protein which causes larger protein

molecules to aggregate; that can then be removed by centrifugation leaving only

free amino acid in the extract.

Ninhydrin reaction depends upon the pH and spectrum. Proline forms different

reaction product with ninhydrin, and acidity is required to maintain the ninhydrin in

stable and soluble form.

Toluene is an important organic, water-insoluble solvent. Amino acid–ninhydrin

product is soluble in toluene phase and can be extracted easily.

pH Spectrum (nm) Colour

Neutral pH 550 Red

Acidic pH 520 Red

Alkaline pH 412 Blue

Care and troubleshooting: The experiment is always done at room temperature.

The colour intensity is stable only for 1 , and the relationship between the amino

acid concentration and absorbance is linear in the range 0.02–0.1 mM per mL of

proline. Acid-ninhydrin reagent can’t be stored for more than 24 h. As ninhydrin

irritates the skin and respiratory system, it requires adequate precautions during

handling. Inhaling toluene has potential to cause severe neurological harm, so

always wear mask before performing assay.

26.3.3.7 Reduced Glutathione Estimation

Reduced glutathione (GSH) is a multifunctional antioxidant molecule which pro-

tects the plants against environmental stress by maintaining the cell in redox state

(Tausz et al. 2001; Han et al. 2013). It protects the integrity of the cellular plasma

membrane by maintaining α-tocopherol and xeaxanthin in the reduced state as well
as protects proteins from denaturation caused by the oxidation of protein thiol

groups (Paradiso et al. 2008). Glutathione has the ability to direct scavenge ROS

and act as substrate for glutathione peroxidase and glutathione-S-transferase

enzyme. These enzymes also help in ROS quenching. Reduced glutathione

(GSH) is measured by its reaction with DTNB (5,50-dithiobis-2-nitrobenzoic
acid) (Ellman’s reaction) to give a yellow-coloured product at 412 nm.

Reagents required for the estimation of GSH: 100 mM phosphate buffer

(pH 7.0), DTNB (0.6 mM in 100 mM phosphate buffer), TCA (5 %), and Standard

GSH (10 nM/ml in 5 % TCA).

Extraction Procedure: The method used for monitoring the GSH activity is

proposed by Moron et al. (1979). A homogenate is prepared with 0.1 g of the

plant sample with 1 ml of 5 % TCA. The precipitated protein is centrifuged at

1000 rpm for 10 min.

Estimation of GSH: The supernatant (100ul) is used for the estimation of GSH.

The supernatant (100 μl) is made up to 1.0 ml with 100 mM potassium phosphate
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buffer (pH 7.0). Two ml of freshly prepared DTNB solution is added and vortexed

thoroughly. The intensity of the yellow colour developed is measured in a spectro-

photometer at 412 nm after 10 min. The values are expressed as nM GSH/g sample.

Standard GSH corresponding to concentrations ranging between 2 and 10 nM are

prepared.

Hazards: 5-50-Dithiobis(2-nitrobenzoic acid) irritates the eyes, respiratory sys-

tem, and skin. In case of contact with eyes, rinse immediately with copious amounts

of water and seek medical advice. Wear suitable protective clothing.

26.3.3.8 Total Soluble Sugars (TSS) Estimation

Sugars are the main product of photosynthesis due to its intimate involvement in

growth, development, storage, signalling mechanism, and stress acclimation. Accu-

mulation of soluble sugars in plants has various functions such as maintaining the

turgidity in leaf, preventing the dehydration of proteins and cell membranes, and

increased protective enzymes under stress condition (Sawhney and Singh 2002).

The breakdown of cell wall polysaccharides (e.g. oligogalacturonides) (Camejo

et al. 2012) might therefore also generate sugar signals under stress (Bolouri-

Moghaddam et al. 2010). Carbohydrate is first hydrolysed into simple sugars

using dilute HCL. In hot acidic medium, glucose is dehydrated to hydroxymethyl

furfural, resulting in the formation of green coloured product with anthrone reagent.

Reagents: Standards of D-Glucose, Thiourea, Anthrone reagent, Ethanol (96 %),

Sulphuric (98 %) acid, and HCL (2.5 N).

Procedure: 0.1 g of lyophilized plant material extracted with 4 ml of 96 %

ethanol. Keep the test tubes in boiling water bath for 30 min. After centrifugation

for 15 min at 10,000 rpm, collect the extract, and add 4 ml of anthrone reagent to

this 0.2 ml of the ethanolic extract. Vortex the mixture thoroughly and keep the test

tubes in boiling water bath for 4–5 min. After cooling on ice (4–5 min), allow the

test tubes to warm up at room temperature. Read the green to dark green colour

(leaves) and brown (roots) at 630 nm. Prepare the glucose standard from 1 to

100 μg/ml. A standard graph is drawn by taking the concentration of glucose on

the X axis and spectrophotometer reading on the Y axis. From the graph, the

concentration of glucose in the sample is calculated.

Note and Troubleshooting Tips: Prepare a fresh anthrone reagent, and store in

dark-coloured bottles to prevent oxidation. Soluble sugars extracted from freeze-

dried plant material because in oven-dried material, caramelization occurs which

leads to an underestimation of soluble sugars. Colour development varies with the

different sugars (Green, dark green, blue, etc.).
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26.4 Conclusion

The rhizospheric microbes possess a synergistic effect of promoting plant growth

and improving biotic and abiotic stress resistance as well (Tanaka et al. 2006). Plant

growth-promoting bacteria (PGPB), as component of soil microbiota, have the

potential role of improving the establishment of plant species under arid soil

conditions (Hayat et al. 2010). Also Mycorrhiza have numerous beneficial effects

on plants, including enhanced nutrient uptake, plant growth, and resistance to

abiotic stresses, such as salinity (Sheng et al. 2008) and drought stress (Wu and

Xia 2006). There are some reports indicating that mycorrhizal inoculation restricts

the excessive production of ROS by enhancing antioxidant activity enzymes, such

as SOD, POD, and CAT; and lower malondialdehyde (MDA) concentration com-

pared to non-inoculated control plants. (Wu et al. 2013). But the underlying

mechanisms for rhizospheric microbes mediated plant resistance to drought condi-

tions have not yet been clearly elucidated. The methodology explained in this

chapter will be useful tool to understand the mechanism.
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Chapter 27

Conservation Strategies of New Fungi
Samples in Culture Collections:
Piriformospora indica Case

V. Caleza, S. Castillo, M.D. Gomis, S. Kamah, R. López, D. Garcia-Seco,
A. Varma, and K. Akdi

Abstract Conservation and maintenance strategies for microorganisms are essen-

tial to develop the biotechnology and microbiology of twenty-first century. It is

necessary to develop methodologies to keep stable and safely each strain isolated or

developed in a laboratory and to be able to keep the microbes exactly in the same

conditions that they were found or selected. In the case of fungi, especially in

non-sporulated, conservation and maintenance are more complicated than other

microbes, due to the difficulty of lyophilizing it. Other times, it is necessary to

consider that there are laboratories where it is not possible to lyophilize the samples

or keep them in safety freezer due to the lack of facilities. That is why here we

presented a simply methodology to find the best conservation method for a new

fungus, according to the conditions of laboratories with different budgets and

facilities. Along the chapter, a methodology to be followed by a researcher who

has to find the more suitable method to conserve new fungus, adapting the method

to the fungi characteristic and laboratory restrictions, is presented. Piriformospora
indica, a recently discovered and promising fungus from the point of view of plant–

microbe interaction biotechnology, is taken as a successful conservation case.

27.1 Introduction

One of the keystones of twenty-first century biotechnology is microbiology; now-

adays, it is applied to almost every area of our lives, from agriculture to medicine.

Indeed, the vast majority of living organisms in the planet are microbes, in both

diversity and number (Hug et al. 2016). The complete information about the amount

of microbes that inhabit our planet is still unknown, but it might be almost infinite

(Garcı́a-Villaraco et al. 2013). It has been shown that a single environmental sample
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of DNA from marine water encodes more than 1.2 million previously unknown

genes from 1800 predicted genomic species (Venter et al. 2004).

The use of non-properly conserved biological material is a real problem in

research and industrial processes. Well-established collections and conservation

methods are necessary to provide strains and services of high quality (Homolka

2013).

Today, there is a strong worldwide interest to search and conserve the informa-

tion stored in the microbial samples and individual microbe strains. The first

recorded service culture collection was the Král Collection established in 1890 at

the German University of Prague, Czech Republic, where cultures of microbes were

made commercially available (Sette et al. 2013). However, the first independent

center to endeavor to preserve and supply a wide range of microbes was the

Centraalbureau voor Schimmel cultures (The Netherlands CBS), established in

1904 (Hawksworth 2004). There are 705 Culture Collections around the world,

distributed in 72 countries, with 2.5 million microorganisms (among them, 1 million

Bacteria, 0.7 million Fungi, and 37,787 Virus) (Juncai et al. 2014). Also, it is

possible to observe that the collections are widely distributed around the world

(Fig. 27.1).

The increase of the registered cultures in the World Federation for Culture

Collections shows the increasing interest in this topic (Fig. 27.2). Hence, this

evolution confirms the importance to develop new strategies to optimize microbe

conservation techniques (Homolka 2013).

Fig. 27.1 Distribution map of preserved items in different countries and regions. The three

different colors from shallow to deep on this map show the corresponding number of preserved

cultures: 0–10,000; 10,000–100,000; above 100,000 items
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27.2 Classification of Microbes Conservation Methods

The correct conservation of the strain should be done by keeping it alive, pure, and

genetically stable. There are a lot of conservation methods classified into two main

groups: hypobiotic state (where the cells are reduced to minimum vital activity) and

anabiotic state (where the growth of cells has been stopped by freezing or freeze-

drying):

1. Anabiotic state: are the most suitable methods. The risk of contamination or

alteration of the strain is minimal; however, not all the strains are compatible

with these methods.

(a) Cryopreservation or freezing: Cell growth is standby because the free

water is frozen, but cells are alive. In this method, the temperature should

be under �40 �C, but it is more convenient around �80 �C or lower in the

case of liquid nitrogen. In addition, cryoprotectant agents should be used to

protect cells from damage during freezing.

(b) Lyophilizing or freeze-drying: Cell growth is standby because the cells

have been dehydrated softly by sublimation. It is a process in which water is

frozen, followed by its removal from the sample, initially by sublimation

(primary drying) and then by desorption (secondary drying). Likewise,

cryoprotectant agents should be used to protect cells during freezing.

2. Hypobiotic state: there are several strains complicated to conserve following

the methods described above (like genus Spirillum or Rhodospirillum). In these

cases, several methods have been developed:

Fig. 27.2 Culture collection registered until 2014 (Juncai et al. 2014)
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(c) Periodic transference or subcultivation: This is a very simple and low-cost

technique that allows subcultures live for a longer time, reaching to a

survival of 2–30 years depending on the strain. Although some strains can

adapt well the subsequent transfer, the drawback of this method is that,

because the cells are alive, genetic, morphological, and physiological

changes are quite common (without forgetting the risk of contamination in

each subcultivation) (Castellani 1939).

(d) Mineral oils: The method essence is covering the well-grown culture on

liquid or agar nutrient medium with sterile nontoxic mineral oil. The most

common oil used is paraffin with layer thickness 1–2 cm. The aim is to limit

the oxygen access that reduces the microorganisms’metabolism and growth,

as well as to restrict the cell drying during preservation in freezing condi-

tions. Following this method the microbes conservation is possible without

subcultivation up to 12 years (Uzunova-Doneva & Donev 2005; Lima Freire

et al. 2016).

(e) Water or water-salt solutions: The cells are placed in liquid medium with a

compound to avoid the osmotic shock. Although this method is

recommended for short-term storage at 4–8 �C for 1 week to 12 months, it

can be used for some fungi, where it is demonstrated that 80% of strains

survived up to 20 years at room temperature (Bueno & Gallardo 1998).

(f) Drying: The cultures are mixed with carriers as sterile soil, mud, active

carbon, sawdust, synthetic balls, or polymers. This method takes advantage

of the natural properties of the microbes to survive in dry environments until

the conditions are appropriate.

The last two methods are not usually used for big collections, but they are

commonly used for agro-biotechnology companies to store the biofertilizers or

biopesticides with high shelf life.

27.3 Conservation of Fungi Collections

Although the properties of fungi have been exploited for thousands of years, mainly

in brewing and baking, with the last years “biotechnology boom,” the interest in

fungi has increased, resulting in the introduction of the term “myco-technology”

(Bennett 1998). Nowadays, fungal strains can be applied to many social-economic

areas, including the production of a wide range of commercially interesting com-

pounds, such as biofertilizers, biostimulants or biopesticides, enzymes, antibiotics,

pigments, vitamins, alcohols, organic acids, pharmaceuticals, cosmetics, among

others. The main issue to develop and apply these fungi is the problem related with

strain conservation.

There is a rich literature on the preservation of fungal cultures, and this chapter

will not review all possible techniques. The aim of this chapter is to design a

protocol to conserve a new fungus for which conservation method has not been

optimized yet (Fig. 27.3).
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27.3.1 Lyophilization

The more suitable way for long-term conservation of fungi is lyophilization

(Fig. 27.4). This method should be the first to check if the laboratory has the

needed facilities. This method has several benefits; cultures can be stored in little

space at room temperature during long-term conservation and are easily sent

elsewhere. It is effective for a lot of conidial fungi as ascomycetes and basidio-

mycetes. It is not usually useful for fungi with very “watery” cells with large

vacuolar volumes but may succeed if the spores are not heavily vacuolated (e.g.,

the sporangiospores of many zygomycete fungi). Also, it has to be considered that,

in general, spores can tolerate the most of conservation methods better than

vegetative hyphae, and lyophilizing is not the exception. Large-scale processes

use bottles dried on shelves in a large vacuum chamber and sealed under vacuum

by the lowering of a pressure plate onto the partially seated rubber stoppers

(Humber 2012).

There are two main problems associated with this method: first of all, the

availability of the lyophilizer. The second issue is that there are a lot of fungi that

it is not possible to recover, especially the ones that cannot sporulate (Homolka

Fig. 27.4 Example of

lyophilized sample
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2013). For example, in our lab we had problems in conservation by lyophilization

of several fungi, so, we had to utilize cryopreservation techniques that after several

tests worked perfectly in long-term conservation.

In these cases, we can choose two kinds of methods depending on the conditions

of the lab: if a�80 �C freezer or a liquid nitrogen freezer is available, freezing is the

most recommended method. In the case it is not available or the electricity is not

assured, we should try “low-cost” methods, like Mineral oil or Water or water-salt

solutions.

27.3.2 Freezing

It was introduced in 1960 in ATCC (American Type Culture Collection) for long-

term storage of large numbers of fungal species with very good results (Homolka

2013; Hwang 1960). Nowadays, it is the main conservation technique in the world,

with lyophilizing.

Agar block with the fungal mycelium and spores immersed in an appropriate

cryoprotectant is the traditional and simplest method. However, other methods exist

as polystyrene beads or porous ceramic beads (Chandler 1994; Palagyi et al. 1997).

The two main factors are freezing and thawing conditions. In general, there are

two possibilities: slow or controlled freezing or fast, with pros and cos in both of

them. Although each microbe is different, generally too low freezing rates cause

extreme dehydration and concentration of the solution, leading to cell damage. On

the other hand, too fast freezing causes insufficient dehydration and formation of

abundant ice crystals.

Other important factor is the cryoprotectant applied. Protective compounds or

cryoprotectants are found to eliminate most of the multiple destructive factors

during freezing of biological structures. The main cryoprotectants are

dimethylsulfoxide (Me2SO), glycerol, blood serum or serum albumin, skimmed

milk, yeast extract, saccharose, glucose, methanol, peptone, polyvinylpyrrolidone

(PVP), sorbitol, and malt extract.

Cryoprotectants can be classified in various ways, such as either low-MW or high-

MW (Molecular Weight) additives or depending on the rate of penetration (Hubalek

2003); those that penetrate quickly, around 30 min, include methanol, ethanol,

ethylene glycol (EG),1 propylene glycol (PG), dimethylformamide,methylacetamide,

andMe2SO. Also, Glycerol is among the most important ones, which penetrates more

slowly. Nonpenetrating or nonpermeating are polyvinylpyrrolidone (PVP), polyeth-

ylene glycol (PEG), polyethylene oxide (PEO), or polyvinyl alcohol, mono-, oligo-,

and polysaccharides, mannitol, sorbitol, dextran, hydroxyethyl starch (HES), methyl

cellulose, albumin, and gelatin.

The most usual cryoprotectants are Me2SO and glycerol. Dimethylsulfoxide was

firstly used to cryoprotect red blood cells (RBC) and spermatozoa (Lovelock &
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Bishop 1959). The optimum Me2SO concentration varies widely, from 1 to 32%

(median around 10%). Neurospora crassa, Sclerospora sorghi, certain Pezizales,
Volvariella volvacea, and other basidiomycetes have been conserved with

dimethylsulfoxide (Hubalek 2003; Barnhart & Terry 1971; Challen & Elliot

1986; Homolka 2013). Many fungi do not usually tolerate high concentrations of

Me2SO, but no marked toxicity of Me2SO to filamentous fungi has been described

(Hubalek 2003). Among alcohols, Glycerol (1,2,3-propanetriol) and Polyethylene

glycol (PEG) have been the most widely used in fungi. Also, glycerol allows

intermediate methods between freezing and room temperature conditions. For

example, Aspergillus, Penicillium, or Trichoderma have been conserved up to

30 months, in glycerol 50% (Shankar Paul et al. 2015).

27.3.3 Water or Water–Salt Solutions

Sometimes, lyophilization or freezing is not possible because of the fungi or the lab

conditions. It was demonstrated that conservation under pure sterile water or water-

salt condition can be a cheap alternative and low space-demanding technique. Cells

are placed in liquid medium, and they approach a hypobiotic state. The suspension

density, the presence of Ca2+ ions in the medium, the solution composition, pH, and

the preservation temperature influence the quantity and protection of the cells.

Some fungi can endure up to 20 years in sterile water (De Capriles et al. 1989),

but the danger is that some fungi lose viability much sooner. In fact, distilled water

was the most appropriate form of preservation of endophytic microorganisms in

recent published work (Lima Freire et al. 2016). Some problems for this technique

are easily avoided: too much inoculum for the volume of water may threaten the

ability of the fungus to withstand long-term storage (the water volume should be

around 40 times greater than the inoculum blocks) (Humber 2012). Too much

medium in the vial can contain too much nutrients that shorten the longevity of

the stored fungus.

27.3.4 Mineral Oil

Storing culture under a layer of sterile mineral oil is an approach still widely used

when the methods above are not possible. The oil prevents dehydration as well as it

reduces gas exchange, reducing fungal metabolism to a very low level. If there are

spaces available to store racks of tubes, this is a common alternative for the storage.

Cultures under mineral oil may remain viable for decades (Silva et al. 1991; Dasilva

et al. 1994).

A comparative study was conducted on long-term fungal culture preservation

methods. A total of 112 isolates of several phytopathogenic fungi (Alternaria
alternata, A. solani, Fusarium oxysporum f. sp. lentis, F. oxysporum f. sp. capsici,
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Rhizoctonia solani, Lasiodiplodia theobromae, Colletotrichum gloeosporioides,
and Curvularia lunata) were stored up to 2 years by using five preservation

methods. Although the stability and regeneration rate of mineral oil method was

not the best, it produced goods results. In all cases, there was more than 50% of

percentage of revival, so, it could be suitable in some lab conditions (Aliya et al.

2015).

27.4 Example of a Problematic Case: Conservation
of Piriformospora

Piriformospora indica (a mycorrhiza like endophytic Agaricomycetes fungi) has

received great attention over the last few decades, due to its exceptional ability to

efficiently promote plant growth, protection, and stress tolerance (Gill et al. 2016;

Varma et al. 1999; Varma and Kost 2013). Due to the possibility of P. indica to be

cultivable axenically and its versatility for colonizing/hosting a broad range of plant

species, it has a great potential for biotechnological applications (Fig. 27.5).

In fact, in 2016 a molecular ecology study revealed the hyperdiversity of

Sebacinales and their evolutionary diversification into two sister families,

Sebacinaceae (that forming basidiomes, isolation into pure culture so far only for

early-diverging saprotrophic species, and endophytic, ectomycorrhizal, and orchid

mycorrhizal in partially or fully mycoheterotrophic plants) and Serendipitaceae

(basidiomes never observed until now, frequently isolated into pure cultures from

orchid roots, frequently endophytic, orchid mycorrhizal in green species, ericoid

mycorrhizal, symbiotic of liverworts, and ectomycorrhizal in some lineages). And

it is proposed to transfer the endophytic cultivable species P. indica and

P. williamsii to the genus Serendipita (Weiß et al. 2016).

Fig. 27.5 Piriformospora
indica growing in liquid

medium
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Because of the interest in developing biofertilizers and biostimulants based on

Piriformospora, it is vital to develop a method that can ensure the conservation of

the strain without any single genetic or morphologic modification.

One of the first problems is that Piriformospora spp. loses its root colonization

efficiency (or endophytic capacity) after repeated subculturing on synthetic

medium. To maintain this efficiency, the fungus must be periodically inoculated

to the roots of host plants (in vitro or in soil) and re-isolated from the internally

colonized roots (Schedel et al. 2012; Johnson et al. 2011). Therefore, it was really

important to find an anabiosis method to conserve the strain stable and in perfect

conditions.

As it is explained above, the first candidate technique for conservation was

lyophilizing. We tried it and studied the regeneration rate and stability after several

time points:

1. Culture preparation: Because this method requires fungi spores, once the inoc-

ulum was sporulated (Fig. 27.6), cultures were mixed with sterilized skim milk

solution (20%). Others media are serum, peptone, various sugars etc.

2. In parallel, ampoules were closed with small cotton plugs and autoclaved.

3. Then, the mix was aliquoted in the sterilized ampoules. The preparations were

frozen in �80 �C freezer.

4. Once frozen, the ampoules were inserted in a strong vacuum to the lyophilizer

(Fig. 27.7).

5. As soon as it is lyophilized, it is necessary to check that the sample is completely

dried.

6. Ampoules were flame-sealed while it is still under vacuum.

7. Conservation. Although the lyophilized samples can be kept at room tempera-

ture, it is recommended to keep at 4 �C.

Fig. 27.6 Piriformospora
indica growing in solid

medium
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8. Monitoring. To study the stability and recovery rate, the recovery of the culture

was analyzed each month during 2 years. To recover the culture, it was necessary

just to sterilize the surface of the ampoule with ethanol or similar, open it scoring

the neck, and add sterile water or liquid medium to the freeze-dried contents to

reconstitute the culture.

The results of this study were not satisfactory because the recovery rate were

under 10% after 6 months, which is far from being adequate for a long-term

collection.

As noted above, we tried the second method, the cryo-conservation. We chose it

because conserving the samples below�80 �C will ensure their long-term integrity.

Cryo-conservation protocol:

1. Culture preparation: it is better to use the spores mixed with hyphae. If it is not

possible, we should use the culture in the exponential growth phase.

2. Suspension preparation: If the culture is liquid, it should be centrifuged gently to

remove part of the nutrients and concentrate it, increasing the number of cells in

the final preparation. It is necessary to check the total and viable unit colonies

forming. Then, it is necessary to use a protective media to keep the microorgan-

ism viability that the researcher has to choose among some of the listed above

(it has to be chosen empirically). It must be nontoxic, have good water solubility

and low eutectic temperature, prevent salt hyperconcentration in the suspension,

stabilize hydrogen connections in the crystal lattice, and prevent large crystal

Fig. 27.7 Typical laboratory lyophilizer
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forming. In a new fungus always it is appropriate to check several

cryoprotectors. After several tests, we decided to use glycerol to conserve

P. indica (Fig. 27.8). The common method is to apply 500 μl glycerol 30% to

500 μl of the culture. However, we checked diverse methods, concluding that the

best is to add 4 cubes of 0.5 cm � 0.5 cm approx. of agarized medium with the

P. indica to a dilution of glycerol 10% (Fig. 27.9).

3. Cryotubes preparation: Once best conservant is decided, it is necessary to

autoclave the cryotubes containing 1 ml of glycerol 10%.

4. Freeze as fast as possible. If it is possible, sink in liquid nitrogen before to keep

in the �80 �C freezer or preserve directly in 80 �C freezer.

5. Monitoring: Always it is recommended to check the stability of the culture

periodically to ensure a long-term conservation of a new fungus. Our results

(Fig. 27.10) show a monthly monitoring. We found a recovery rate close to

100% after 2 years.

When we are working with fungi that interact with other organisms, it is very

recommendable to check that it is keeping this capacity of interaction. In our study,

after 2 years of cryoconservation (as it was explained in the protocol above), we

tested the root colonization efficiency of P. indica under controlled conditions. The
cocultivation experiments were carried out with the model plant Arabidopsis
thaliana in Petri dishes and with Solanum lycopersicum plants in growth chamber).

For Arabidopsis thaliana assay, cocultivation of Piriformospora was done as

described by JM Johnson et al. (2011), with modifications. Colonized and

uncolonized roots were cut after 27 and 20 days of cocultivation. The roots were

Fig. 27.8 Cutting the cubes of agar with Piriformospora indica to cryopreservation
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Fig. 27.9 Procedure to keep the samples by cryopreservation. (a) Immersion of the agar cubes in

cryoprotectors. (b) Cubes in cryotubes. (c) Cryotubes stored in �80 �C
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treated with 10%KOH and incubated overnight at room temperature in Petri dishes.

After incubation, roots were water washed and incubated in 1% HCl for 3 min.

Finally, the roots were washed again and dyed using lactophenol blue solution, in

order to observe the preparation under 10X objective in the microscope.

To re-isolate the fungus, roots were surface cleaned with 0.1% sodium hypo-

chlorite for 2 min, water washed, and dried in flow chamber. In order to observe the

fungus growth along the root pieces, they were placed on Hill and Kaefer plates and

incubated 5–7 days at 30 �C in the dark. The fungus was then immediately

subcultured by taking the hyphal tip to fresh Hill and Kaefer plates.

For the tomato bioassay (var. “Marmander”), tomato seedlings (one- to two-true-

leaf stage) grown in Brown 25 W peat (Projar, Valencia, Spain) were transplanted

into each pot with PS Potplant substrate (Projar, Valencia, Spain). Plants were

irrigated as needed and fertilized with Hoagland nutrient solution twice per week.

The assay was carried out in a growth chamber at 25 �C, photosynthetically active

radiation (PAR) intensity 280 μE/m2 s, photoperiod 16 h light and 8 h dark, and

60% relative humidity.

The endophyte Piriformospora was propagated on solidified Hill and Kaefer

medium, at 30 �C. Fungal plugs of 5 mm diameter were made with cork borer and

transferred to the flasks with 250 ml Kaefer liquid medium. The flasks were further

incubated at 30 �C and 140 rpm for 2 weeks (Adya et al. 2013). Mycelium and

spores were mixed with a blender for 2 min at lowest speed in sterile distilled water.

Chlamydospore total number was examined in a Thoma chamber, and the number

of viable propagules was determined by plating on solid Hill and Kaefer media

(Fakhro et al. 2010). The suspensions were adjusted with sterile distilled water to a

Fig. 27.10 Recovery rate of P. indica in the two methods tested along 2 years monitoring it
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concentration of 104 CFU/ml, not exceeding 5 � 104 CFU per plants (Fakhro et al.

2010).

Piriformospora was applied to the tomato plants at 7, 14, and 21 days

post-transplant through irrigation. The assays were established with twelve plants

per treatment, distributed in four randomized blocks.

At the end of the bioassay, to check Piriformospora “root colonization effi-

ciency” persistence, the roots were prepared as explained above (Johnson et al.

2011) and examined under the microscope (Fig. 27.11).

27.5 Concluding Remarks

The conservation strategies are one of the twenty-first century biotechnology

keystones. Traditional subculture methods to keep alive fungus are not desirable

in the “new generations” biotechnology. When these traditional methods are long-

therm applied, they can trigger mutations and unnatural selections. It is essential to

be able to keep the fungi exactly in the same conditions that it was isolated or

Fig. 27.11 Piriformospora indica in a root colonization efficiency test, in tomato ((a) Solanum
lycopersicum root control; (b) S. lycopersicum root inoculated with P. indica; (c) Arabidopsis
thaliana root control; (d) A. thaliana root inoculated with P. indica)
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selected. Sometimes, it is difficult to find the best method to conserve fungi,

especially with non-sporulated fungus, that are not possible to keep them lyophi-

lized, and it is necessary to search alternative methods to keep them stable. In this

chapter, we present a simple methodology to find the best conservation method for a

new fungus, according to the conditions of laboratories with different budgets and

facilities.
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