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Preface

Several researchers have studied the association of mycorrhizae with several plant
species and their significance in plant health. This book focuses on the production
and applications of mycorrhizae in sustainable agriculture and forestry. The identi-
fication of soil microbes including fungi is essential to use those organisms for plant
and human welfare.

In the first chapter, “Soil Metagenomics: Prospects and Challenges”, the authors
present a metagenomics study of soil microorganisms to identify categories of soil
microorganisms. In the second chapter, “Arbuscular Mycorrhizal (AM) Fungi as
aTool for Sustainable Agricultural System”, the authors discuss the application of
arbuscular mycorrhizae in the soil to enhance uptake of nutrients, plant tolerance
against drought, and soil quality. In the third chapter, “Advantages of Arbuscular
Mycorrhizal Fungi (AMF) Production for the Profitability of Agriculture and
Biofertilizer Industry”, the authors explain the mitigation role of AM on adverse
environmental conditions such as drought, heavy metal accumulation, salinity in
the soil, extreme temperatures, and biotic stresses in plants. In the fourth chapter,
“Production of Vegetable Crops by Using Arbuscular Mycorrhizae”, the authors
describe the use of mycorrhizae in soilless vegetables cultivation under a greenhouse
system. In the fifth chapter, “The Role of Mycorrhizae on Seedlings and Early
Growth of Sugarcane”, the authors describe several varieties of sugarcane growth
enhancement and mitigation of climate change by the colonization of mycorrhizae.
In the sixth chapter, “Assessment of Biocontrol Potential of Arbuscular Mycorrhizal
(Glomus spp.) against Damping-off Disease (Rhizoctonia solani) on Cucumber”, the
authors discuss the utilization of Glomus spp. to reduce Rhizoctonia solani pathogen
infection and increase the growth of cucumber plants.

In the seventh chapter, “Native Arbuscular Mycorrhizal Fungi and Agro-Industries
in Arid Lands: Productions, Applications, Strategies and Challenges”, the authors
discuss conventional and modern methods of AM fungal bio-fertilizers production
including formulation and administration. The AM fungi influence the growth

of several tree species in forests and improve soil quality. In the eight chapter,
“Mycorrhizae Applications in Sustainable Forestry”, the authors examine the
significance of suitable AM fungi application for sustainable forest maintenance. In
the final chapter, “Influence of Endomycorrhizal Fungi on the Growth of Tropical
Plant Species”, the authors discuss how fungi trigger the growth of tree species such
as Coffea canephora, Tabernaemontana donnell-smithii, and Chromolaena odorata.

Dr. Ramalingam Radhakrishnan
Department of Botany,

Jamal Mohamed College (Autonomous),
Affiliated to Bharathidasan University,
Tiruchirappalli, Tamilnadu, India






Chapter1

Soil Metagenomics: Prospects
and Challenges

Prashant Kaushik, Opinder Singh Sandhu, Navjot Singh Brar,
Vivek Kumar, Gurdeep Singh Malhi, Hari Kesh
and Ishan Saini

Abstract

The better strategies to examine RNA or DNA from soil allow us to understand
the microbial diversity and features in the soil, which are challenging to identify by
typical culture techniques. In this direction, the literature on soil metagenomics and
its usefulness is ever-increasing and so as its implementation experiences. Omics
techniques are going to assist the metagenomics in achieving agricultural sustain-
ability. In doing so, essential understanding on the reference soil would serve to help
upcoming soil survey initiatives, lessening bias and raising objectivity. Although
the interpretation of limited details has influenced microbial ecologists, the scope
of methodological bias remains unfamiliar. A detailed catalog of functional genes
and soil microorganisms does not yet exist for any soil. Overall, this chapter pro-
vides thoughts related to the soil metagenomics, its importance, and conventional
methods of analysis, along with prospects and challenges of soil metagenomics.

Keywords: genomics, soil, microbes, metagenomics

1. Introduction

Soil is a robust and brilliantly vast ecosystem (2000-8.3 million bacterial species
per gram). Therefore, it serves as a vast reservoir for microorganisms inhabiting in
a niche that is different within the specific soil ecosystem, which can be pathogenic
or beneficial [1-4]. Each proportion of soil whether in grasslands, forests, or deserts
(i.e., sand, silt, clay, and organic matter) offers habitats for nematodes and a large
number of microbes that vary from bacteria and are also useful in nutrient cycling
[5-8]. Moreover, the distinct microhabitat dwelled by microorganisms with the
capability to adjust and established their colony to the specific niche [9]. The crucial
factors which influence the microbial load in the soil ecosystem include soil pH,
organic compound, and temperature [10-12]. The chemical or physical activity does
not merely determine the development of soil but the constant unfolding of different
microbial species, which include or may improve the attributes of soils, regarding
the development of function and structure [13, 14]. Soil supplies protection to
different soil harboring animals, reptiles, and insects, along with a tremendous
number of microbes inside the soil aggregates [15].

In this direction, the field of metagenomics continues to be a ground-breaking
technology, which has made it possible to explore microbial diversity with its full
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potential [16]. Besides the soil ecosystem, microbes could quickly react to anthropo-
genic pressures, making it feasible to be an indication of soil quality as well as wellness
[17, 18]. Lately, efforts have been attempted to determine genes from environmental
samples via culture-independent techniques [19, 20]. However, they had been
amplified or perhaps recognized due to their similarity to the earlier identified genes,
that invalidates for exploiting novel elements of metal resistance [21, 22]. As the
development of culture-independent metagenomic methods, it has been employed to
evaluate the soil microbial community as well as enhances our awareness of the soil
ecosystem [17, 20]. Furthermore, the soil microbial communities are primarily made
up of some dominant species and numerous other rare taxa [23].

The ones with a low abundance might be from some novel microbial lineages
and might play a vital function in biogeochemical interactions of the soil-plant
system [24]. Therefore, the information obtained from the full metagenomic
sequencing is crucial to expose the genomic data of low abundance populations
as well as to disclose their activity in the soil [6]. It has been effectively released
into investigating numerous varied microbial niches in the human gut, grassland
soil, and aquatic ecosystem [25-27]. Furthermore, attempts have been established
to evaluate the abundance of soil microbes as well as the genes involved in heavy
metals’ opposition from agricultural soils [28, 29]. Additionally, soil metagenomics
beyond estimating the soil microorganisms can also help in getting a concept about
the soil and its habitat based on the different soil types [30]. This chapter provides
the importance of soil metagenomics and standard methods of analysis, along with
challenges and prospects of soil metagenomics.

2. Soil health and metagenomics

Soil is an interconnected system because of its microorganisms despite getting
incredible and unique capability to adjust to life changes; soil microbes are hyper-
sensitive to land management and also weather changes [1, 11, 14]. Based on this
information, our ancestors learned the ability to grow plants and created different
cultivation methods like inoculating mycorrhizal fungi with food and floral crops
to decrease the impact of soil-borne diseases [31-34]. With a most varied ecosystem
with a composition of known and unknown microbial species, the soil provides
an ecological niche [34, 35]. The biochemistry of soil reflects many anonymous
functions that are a lot essential for sustenance of life [35-37]. Nevertheless, the
latest technologies utilizing heavy machinery and management methods intensi-
fied agriculture and have resulted in the degeneration of the cultivable farmlands
through damage of fertility, soil structure as well as the soil microbial life [38-40].

In a nutshell, lots of arable areas have switched to uncultivable or saline soil [38].
Agricultural land is simultaneously getting forfeited to nonagricultural uses [39]. The
generation of soil, which primarily contains carbon twice as much as the atmosphere,
is a complex phenomenon and requires lots of years for the formation of 1 cm topsoil
[41]. Metagenomics data can be used to investigate the gene sequencing helpful in
microbial symbiosis, as this is the most ancient symbiosis of nature of around 400
million years [42]. With the increased population pressure, the concern around world-
wide sustainability also increases. Therefore, improving and sustaining the qualities
of soil is an utmost concern for many years. Thus, soil health gets among the most
crucial aspects of agriculture [8, 24].

Metagenomics offers an entirely new method of looking at the microbial
community that has transformed contemporary microbiology and also has the
potential to revolutionize comprehension approaches of the various ecosystems
[43, 44]. In metagenomics, the strength of genomic examination is put on to whole
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populations of microorganisms [45]. Metagenomics approaches are throwing
light on the myriad abilities of microbial communities that operate the planet’s
energy and nutrient cycles and form the evolution of life [46, 47]. Metagenomics
is anticipated to produce awareness of microbial interactions; therefore, it is
used to enhance human well-being, energy production, and food security [48].
Metagenomics combines the strength of genomics, systems biology and bioinfor-
matics and power of genomics within the research of communities generates an
unparalleled ability [43, 45]. Metagenomics, still a very new science, but has pro-
duced insightful information about the microbial community due to its radically
unique means of realizing the microbial world [49, 50]. The diverse test of DNA
may subsequently be analyzed directly, or even cloned into a type maintainable
in lab bacteria, developing a library which has the genomes of all of the microbes
present in that environment [51-53]. Nevertheless, the launch of the culture-
independent approaches eliminates the obstacles and barriers in understanding the
environmental samples [30].

Metagenomics initially targeted the shotgun sequencing; these days it’s just as
helpful for the scientific studies regarding marker genes viz. 16S rRNA by employing
NGS (next-generation sequencing) systems, by extracting the specific region of
DNA encoding 16S rRNA which is then amplified, sequenced, and identified based
on similarities in gene sequence available in public databases [54, 55]. NGS, along
with polymerase chain reaction (PCR), and DNA fingerprinting techniques have
become increasingly rapid, effective, sensitive, and cost-efficient [55]. Culture-
independent tactics are needed on the immediate extraction of soil DNA and later
check out the genes encoding rRNA [56]. The exploration of following generation
sequencing as well as analysis has accomplished in revealing the undiscovered
microbial framework in a variety of earth ecosystems [57-59]. A comprehensive
research of the soil metagenome provided the useful characterization of soil
microorganisms linked to the genes in nutrient cycling [58]. Nevertheless, efforts
are now being directed in exploring the predictions of gene operates in conditions
of the actual role of theirs in situ, particularly in the soil, where metagenomes can
easily be caught within biofilms [60, 61].

3. The need for microbial identification and characterization

It is well recognized that the microorganisms have an abundant quantity and
diversity than other organisms on the planet [4]. Nevertheless, the division of
the microbial diversity at global scales is still partially understood. The microbial
diversity and composition structure are significantly affected by environmental
elements [62]. As a result, indexing, cataloging and proof of the microorganisms
are prerequisites for the exploration [62]. Microbial diversity in any habitat is more
related to the substantial amount of species existed at a specific time [63, 64]. As
the earth microbial community plays essential roles in soil health management,
agro-ecosystem, accessibility of growing nutrition as well as turnover tasks of
organic material in soil, they are hugely influenced by both anthropogenic and
natural activities [65, 66]. For instance, many microbes that are helpful to the
ecosystem services are currently threatened because of inferior agricultural prac-
tices, local weather transforming patterns, ground as well as land degradation, etc.
[67, 68]. In recent years, the use of artificial fertilizers, herbicides, fungicides, and
other pesticides has resulted in the deterioration of the soil microflora and diversity
[7, 31, 69]. Therefore, the microorganisms with the changing atmosphere will offer
a broader picture of the way the microbes are shifting the functional characteristics
of soils and their flourishing in the endangered ecosystems [69, 70].
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4. Metagenomics for sustainable agricultural practices

Nowadays, most of the environmental focus in agriculture is on achieving
agricultural sustainability. Many metagenomic initiatives have been completed
in the area of agriculture but do not hold some promise to assist the marginal
farmers [71-73]. Therefore, productive scientific studies are required, which
might be used the growers’ income and help agriculture [74]. The latest advances
in the soil metagenomics emerge as an extraordinary area of research because of
the assignment of understanding the associated microorganisms in development
and plant growth [75, 76]. Likewise, restoration of the microbial population
was determined to improve grain yield as well as soil health [77]. Metagenomics
can predict the soil microbes’ structure and the impact on microbial groups of
connected niches [9, 35].

Sustainable agricultural methods consist of different microhabitats with
excellent environmental fluctuations and genetic biodiversity [78]. Reports from
agrarian soils confirmed that there are high microbial stock and plant develop-
ment promotion pursuits [79]. Many studies are showing the latest metagenomic
improvements in agriculture [76-78]. Soil microbes play a crucial part for triggering
the plant development, stress reactions, as well as defense in vegetation [80, 81].
Understanding the connection between the soil microbiota and plants using soil
metagenomics is hugely advantageous in developing the crop systems [1, 82].
Metagenomics research of the soils supplemented with organic manures from
several farm animals will be a lot valuable in formulating the fertilization tactics
[12, 65]. For renewable agricultural production, helpful microbes of agricultural
value can function as an essential alternative [39, 73]. Metagenomics compensation
can address basic restorative questions associated with agriculturally significant
microorganisms [83].

Direct DNA extraction and characterization through PCR and metagenomic
survey have developed the study of soil ecosystem [81]. Applying metagenomics
of plant-microbial association can be used to study interaction with beneficial
microbes among pathogenic strains, infect recently, profitable endosymbionts
inside these beneficial microbes (AMF) like nitrifying bacteria, (phosphate solu-
bilizing bacteria) PSB and plant growth-promoting abilities are found [84]. The
specificity of plant-microbial symbiosis development can be easily understood at
the molecular level both for agronomic and horticulture crops, using forward and
reverse genetic approaches [85]. As reported earlier, microbial inoculation has the
potential of increasing plant production and sustainability in agricultural fields,
so the metagenomics study can reveal the distinct microbial strains interacting
with which chemical compound in the mycorrhizospheric soil and to acknowledge
community structure, horizontal gene transfer analysis and phylogeny of microbes
interacting with other environmental factors [86, 87]. Also, the exact niche infor-
mation of microbial communities infecting soil adhering to the roots, surface
between roots and soil, the surface of roots, or colonizing with the roots, can be
drawn [87]. As we know this interaction is bi-directional, plant gets the essential
nutrients from the soil, and in return, these rhizospheric and/or root microbiotas
get the photosynthesis-derived organic compounds, and this process is known as
rhizodeposition [88]. Thus, this crucial symbiosis that underlying plant-microbe
community associations can be easily implicit by metagenomics for agricultural
purposes because the NGS which can determine the relative abundance of microbe
whether it is culturable in laboratory conditions or not [89]. In addition, the results
of hundreds of samples simultaneously can be obtained on the same day as the
samples are loaded [89].
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5. Amplicon sequencing and bioprospecting of metagenomes

In the amplicon sequencing study, first, soil DNA is extracted, and next, 16S/18S
rDNA sequences are amplified using a specific set of particular primers targeting
variable areas of 16S/18S rDNA, accompanied by filtration of fragments using
magnetic beads [54, 90-92]. Consequently, adapters are ligated, and the library
of fragments (clones) is amplified along with the samples are sequenced utilizing
NGS platform (Figure 1). The dataset obtained after sequencing is used for the
identification of microbial diversity [54, 55]. Using NGS and the related software,
it is doable to solve extremely complicated microbiota compositions with greater
precision and to relate the microbial ecosystem of the soil [16, 55, 92], although,
it must be considered for accurate data and analysis interpretation while choosing
amplicon sequencing working with marker genes [92].

From the start of metagenomics, the study of novel metabolite/biomolecule
(DNA polymerases, cellulases, lipases/esterases, chitinases and antibiotics) from
the microbial assembly was its first application, and this has advanced with the
development of NGS techniques for calculating comparison between community
metagenome, meta-proteomics, and meta-transcriptomics [93, 94]. Techniques for
recovering novel metabolite that comprise cloning of the microbial DNA from the
environment then constructing a small/large-insert libraries, which can be done
either by function-based or sequence-based screening of metagenomic libraries are
shown in Table 1. The resulting metagenomic libraries subsequently transformed in
several hosts like Escherichia coli (mostly), Sulfolobus solfataricus, Thermus ther-
mophilus, Streptomyces, and Proteobacteria show significant differences in expression
modes [108-111].

6. Soil metagenomics: pipelines and outputs

Metagenomics was initiated with the aim of DNA cloning and screening, and now
it has made significant advances in microbiology, evolution, and ecology [91, 92].
These first projects not merely proved the concept of the metagenomics but addi-
tionally unraveled enormous gene diversity within the microbial world. The various
steps in soil metagenomics are enlisted below and shown in Figure 2.

Biopraspecting

/Assesment of
Taxonomic
diversity and
Metabolic
potential

Analysis of
community
members and
functioning

Figure 1.
Metagenomic analysis of environmental microbial sampling based on nucleic acids.
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Origin Sequencing Total Country Results References
platform/ sequencing
amplicon analysis size
technique
Potato field Pyrosequencing 1674 OTUs USA Identification [95]
of potato soil-
borne pathogens
Soil of 3 Pyrosequencing 10,166 reads South Wood [96]
islands in Korea decomposing,
the Yellow plant-parasitic,
Sea endophytic,
ectomycorrhizal
and saprotrophic
fungi
6 sites of Pyrosequencing 598,962 Germany Identification [97]
forest and sequences of 17 bacterial
grassland phylaand 4
soils proteobacterial
classes
Pea field Pyrosequencing 55,460 Denmark Fungal species, [98]
sequences diversity,
community
composition of
phylum
Ascomycota,
and
Basidiomycota
Hitchiti Deep lon Torrent >3,000,000 USA 12 fungal strains [99]
Pinus forest, sequencing sequences identification
prior used
as cotton
cultivation
Sossego Pyrosequencing 10,978 Brazil 36 bacterial [100]
copper mine OTUs phyla and five
proteobacteria
classes
Riverine Ilumina system 1872 OTUs USA 56 different [101]
Wetland bacterial phyla
soil
Solid Illumina system 1,706,442 Tanzania 31 bacterial [102]
biomedical sequences phyla belonging
dumpsites to aromatic
hydrocarbons
degraders, chitin
degraders,
chlorophenol
degraders
and atrazine
metabolizers
Grave-soil [llumina system 1,729,482 USA 45 decomposing [103]
human reads microbes
cadavers identification
Zea mays [llumina MiSeq 2,453,023 UK, Comparative [104]
fields reads France, account of soil
Italy microorganisms
of three
different sites
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Origin Sequencing Total Country Results References
platform/ sequencing
amplicon analysis size
technique
Pepper field [lumina system 4147 OTUs Spain Studying soil- [105]
borne pathogens
Solid waste [lumina system 111,3884 India Identified 27 [106]
dumping sequences proteobacteria
site, Chite and
river site, bacteroidetes

Turial river
site, Tuikual
river site

Tomato Illumina amplicon 337,961 Denmark Identification of [107]
sequencing high- 27 endophytic
analysis and quality fungi and
phytohormone reads and root hormone
measurements 647 fungal quantification
OTUs
Table 1.

Examples of soil amplicon sequencing done so far covering different habitat types.

Agricultural Soil Sample

[llumina/Solexa
4?53515/}%2?{9 7 DNA extraction I
sequencing,
Oxford nanopore
sequencing
technologies

DNA sequencing |

Meta\Velvet, Meta-
IDBA: MetaCluster ~ Assembly |
and PhymmBL

BINNING Annotation |

.

TIGRFAM, KEGG,
eggNOG, PFAM

METADATA Data storage and sharing

Figure 2.
The layout of metagenomics showing collection of samples from agricultural field and analysis.

6.1 Sample processing
Sampling is the first and crucial step. The extracted DNA must be of high quality

for metagenomic library construction and sequencing. Further, fractionation
or selective lysis is ideal for those communities which are linked to the plethora.
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Fractionation should be examined for adequate target enrichment with little
contamination.

6.2 Sequencing and assembly

Metagenomic sequencing significantly depends upon the sequencing plat-
forms used. Nowadays, NGS techniques viz. [llumina/Solexa systems, 454/Roche
sequencing, and Oxford nanopore sequencing technologies are being continu-
ously used for metagenomic projects. Contigs are essential in getting the whole
length sequence. So, assembly of short reads becomes key in metagenomics which
may be accomplished by co-assembly and de novo assembly methods. On the flip
side, the de novo assembly needs sophisticated computational tools and assem-
blers (e.g. MetaVelvet, and Meta-IDBA).

6.3 Binning and annotation

Binning shows the process of sorting of DNA in several groups of individual
genomes.

In the very first step, binning explores the conserved nucleotide composition
of genomes. Then, the DNA fragments are searched against a reference to bin the
sequence. The binning algorithms use structure and similarity, like MetaCluster
and PhymmBL. If the goal of the analysis of the reconstructed genome and large
contigs, in this particular strategy, little length of contigs should be 30,000 bp or
even longer. In future prediction of the assembled sequences, labelling is done while
functional annotation includes mapping with an existing database. The sequences
which cannot be mapped provide an endless amount of novelty in metagenomic
samples. Several reference databases can be utilized to supply functional annotation
viz. TIGRFAM, KEGG, eggNOG, PFAM, etc.

6.4 Statistical analysis and data sharing

Statistical assessment of the metagenomic data is vital for the exploration of
the significance of the results. However, it must have appropriate experimental
designs with proper replications. Metagenomic data sharing involves a great
computational framework as well as a storage facility. Several of the centralized
services have typical formats for recording and documenting experimental details.

7. Future road map

Robust extraction, as well as characterization of the DNA of soil microbiota
through amplicon sequencing, has revolutionized the studies of ecology and envi-
ronmental sciences. Essentially, the metagenomic evaluation of nucleic acids gives
immediate access to the genomes of the uncultivated majority of underexploited
microbial life. Accelerated by developments in sequencing technologies, microbi-
ologists have found more novel species, genera, as well as genes from microorgan-
isms. The unprecedented range of soil types continued exploration of a variety of
agricultural and environmental features. The capacity to check out earth microbial
communities with increasing capability has presumably the highest promise for
answering numerous mysteries of the microbial world. Molecular methods, which
include metagenomics, have revolutionized the analysis of microbial ecology.

We cannot link virtually all microorganisms to their metabolic roles within an
earth community. Increased sequencing capability provided by high throughput
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sequencing technologies has assisted characterize as well as quantify soil diversity.
However, these methodologies are usually leveraged to process more samples

at a reasonably shallow depth as compared to survey throughout the genomes
from a single sample adequately. Figure 3 describes the various application of
metagenomics.

Along with higher diversity, methodological biases produce a considerable
challenge for soil microbial characterization. These biases include soil sampling,
DNA extraction, adsorption of nucleic acids to soil particles, contributions of
extracellular DNA, sample planning, sequencing protocols, sequence analysis, and
purposeful annotation. Since current sequencing technologies produce millions of
reads, difficulties linked to interpreting these results can contribute to the problems
encountered by microbial ecologists in determining the involvement of various
microorganisms in the number of processes of soil. Without having a suitable
benchmark methodology or dataset for verifying the fidelity of amplicon or perhaps
metagenomic analyses, assessing whether the presence, as well as the activity of
organisms, are adequately evaluated, is impossible. Furthermore, methodological
limitations which might stop the detection of some active and abundant bacteria
in soil could lead to the same essential amount of misinterpretation. No individual
protocol would be seen as adequate in isolation of DNA. Likewise, the taxonomic
and likely useful deciphering of the soil microbiota would critically gain from a
blend of strategies.

Exact replicates are challenging to obtain due to soil microorganism composi-
tional changes. An additional challenge would be that the total number of species
that are in a single sample of soil is unfamiliar, with hugely varying estimates. One
crucial very first step toward dealing with several of the problems experienced by
soil microbiologists is actually to start developing a substantial catalog of all micro-
bial community members and features for no less than one reference soil. Such a
relatively comprehensive reference dataset would shed light on the as-yet-unknown
design of a ground microbial species frequency distribution and might serve as an
ultimate guide for assessing town composition switches across soil landscapes (i.e.,
beta diversity). Put simply, the scope of bias with any private strategy (i.e., a one-
time DNA extraction method) might be explicitly driven by comparing extraction

DNA EXTRACTION and METAGENCMIC ANALYSIS

Figure 3.
A brief account of applications of metagenomics in different fields.
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strategies coupled with detailed characterization of the selected reference soil. For
instance, the isolation, as well as characterization of cells via single-cell genomics,
can assist target phylogenetically analysis. Coupled with extensive DNA based
characterization of the collected guide soil microbial diversity, this specific research
initiative should ideally assess several levels of gene expression, at the amount of
RNA (metatranscriptomics), proteins (metaproteomics), and also metabolites
(metametabolomics). By identifying the way a reference soil is structured, both
temporally and spatially, the info from this coordinated effort might help supply
missing links between typical soil analyses as well as the underlying composition of
soil microbial communities.

An in-depth exploration of single guide soil should involve experiments much
beyond the typical metagenomic analyses applied to soil samples. Instead, this
effort is going to require considerable benchmarking of the sampling technique
itself, which is connected to identifying a suitable resource website. Such an
endeavor would call for a coordinated inter-disciplinary consortium of knowledge
spanning chemistry, soil physics, biochemistry, microbiology, and bioinformatics.
The outcomes of the effort can develop an objective foundation for creating stan-
dardized protocols for ongoing and future soil microbiological investigations.
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Chapter2

Arbuscular Mycorrhizal (AM)
Fungi as a Tool for Sustainable
Agricultural System

Kavita Chahal, Vaishali Gupta, Naveen Kumar Verma,
Anand Chaurasia and Babita Rana

Abstract

A sustainable agriculture is a type of agriculture that focuses on producing
long-term crops and livestock without having any adverse effect on the environ-
ment. However, agricultural malpractices like excessive use of chemical fertilizers
and pesticides, as well as climate change have aggravated the effects of biotic and
abiotic stresses on crop productivity. These led to the degradation of ecosystem,
leaving bad impacts on the soil qualities and water body environment. As an
alternative to the rising agricultural energy, the use of Vesicular- Arbuscular
Mycorrhizae (AM) may be a better option. Being natural root symbionts, AM pro-
vide essential inorganic nutrients to host plants, thereby improving its growth and
yield even under stressed conditions. AM fungi can also potentially strengthen
the adaptability of a plant to the changing environment, as a bio-fertilizer. The
chapter provides a comprehensive up-to-date knowledge on AM fungi as a tool
for sustainable agricultural system. Thus, further research focusing on the
AM -mediated promotion of crop quality and productivity is needed.

Keywords: vesicular—arbuscular mycorrhizae, sustainable, symbionts, productivity

1. Introduction

A potential solution to enable agricultural systems to feed a growing population
within the changing environmental conditions is a sustainable agriculture, that is
based on an understanding of the society’s present food and textile needs, as well as
on the ecosystem services. A special attention must be needed towards the study of
the ability of symbiotic relationship among the actinorhizal plants and microbes, so
as to overcome the problems of deforestation and the increasing cost of nitrogenous
fertilizers [1].

For increasing the sustainability of agriculture, among various other methods,
the better option is the use of natural root symbiont, Arbuscular Mycorrhizae
(AM). As compared to conventional agriculture, the soil conditions are likely to be
more favorable to AM fungi in a sustainable agriculture [2-4].

The AM fungi have been found to be associated with more than 80% of land
plants, liverworts, ferns, gymnosperms, angiosperms and grasses, and are widely
distributed in natural and agricultural environments. Hence, for crop and biomass
production, these symbiotic associations are very important, and they are receiving
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considerable attention in forestry and agriculture. Therefore, AM fungi are commonly
known as bio-fertilizers. Moreover, these natural root symbionts help their host

plants to grow vigorously under stressful conditions like drought, salinity, metals, and
extreme temperatures. The mechanism behind is a series of complex communica-

tion events between the plant and the fungus that lead to increased photosynthetic
rate and increased water uptake [5-7]. The AM fungi also assists in the regulation of
metabolic pathways in plants.

2. Sustainable agricultural system and its benefits

The best agricultural system is the one that find a good balance between the
need for food production and the preservation of the ecological system within the
environment. Also, the agriculture that focuses on producing long-term crops and
livestock with minimum adverse effects on the environment is called as sustain-
able agriculture [8]. Besides the production of food, some of the various objectives
of sustainable agriculture include reducing the use of fertilizers and pesticides,
promoting biodiversity in crops grown and the ecosystem, and conserving water. It
also aimed at maintaining the economic stability of farms and improving farming
techniques and quality of a farmer’s life [9].

The various benefits of sustainable agriculture can be divided into human
health benefits and environmental benefits. Regarding human health, crops grown
through sustainable agriculture are better for people. People are not becoming ill
by consuming synthetic materials present in chemical pesticides and fertilizers.

In addition, these crops are also more nutritious because of their more natural
production. Its positive impacts of the environment include use of less percentage
of energy per unit of crop yield as compared to industrialized agriculture [10, 11].
This minimizes the release of harmful chemicals and thereby reduces pollution of
environment. Other benefits to the environment are maintenance of soil quality,
reduction in soil degradation and erosion, and saving water. It also increases biodi-
versity of the area by providing a variety of organisms surrounded with a healthy
and natural environment (Figure 1) [12-14].

5. Reduction in production
cost

4. Prevents Soil Erosion and
Pollution

3. Public Health Safety

2. Save Energy for Future

1. Environmental Conservation

Benefits of Sustainable
Agriculture

Figure 1.
Benefits of sustainable agriculture
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3. Mycorrhizal association

The symbiotic association between a fungus and a root of higher plant is
called as Mycorrhiza [15]. From this association, both of the partners, the host
plant and the fungal member are benefited potentially [16]. There are several
benefits provided by the Mycorrhizal fungi to the host plant species. Some of
them are increased nutrient uptake, production of growth promoting substances,
tolerance to drought, salinity and synergistic interactions with other beneficial
microorganisms [17, 18].

4. Arbuscular mycorrhizae

Endomycorrhiza i.e. Arbuscular Mycorrhizal (AM) symbiosis is formed
by approximately 80% of all terrestrial plant species. Even the roots of some
aquatic plants are colonized by AM fungi [19, 20]. AM fungi belong to the
class Zygomycetes, order Endogonales, family Endogonaceae, and phylum
Glomeromycota. The mycorrhizal associations are formed by the six genera of
fungi belonging to Endogonaceae. These are Glomus, Gigaspora, Acaulospora,
Entrophospora Sclerocystis and Scutellospora. Their common characteristic are
spores and sporocarps which are formed mostly in the soil surrounding the roots
and rarely inside the roots [21].

The most visible AM structure is the hyphal network. Hyphae are thin from
2 pm in diameter to >20 pm, hollow tubes of fungi having only few cross walls
and distinct angular projections [22]. In search of the roots of host plants,
these tubes originally grow from fungal spores, extending short distances into
the soil.

Hyphae that penetrates a host root form a structure called an appressorium. It
penetrates the cell wall of the root by mechanical pressure or through the enzymes
that degrade the cell wall. Hyphae that enter host roots through these infection
points can form networks both inside the root and throughout the soil surrounding
the root. As the name suggests, the AM fungus colonizes the root cortex forming
a mycelial network and characteristic bladder-like structures called as vesicles
and branched finger-like hyphae called as arbuscules. Arbuscules are short-lived
structures meant for nutrient transfer and absorptive function. The hyphal branch
that penetrates the plant cell wall forms the arbuscules trunk. This arbuscule trunk
branches repeatedly and is surrounded by the plasma membrane. The terminal
swellings of the hyphae forms vesicles on both intercellular and intracellular
surfaces, and have storage as function [23, 24].

4.1 As a tool for sustainable agriculture
4.1.1 Benefits from tripartite relationship

In the mutualistic association, the plant provides the fungus with photosyn-
thetically derived carbohydrate, while the fungus supplies the plant roots with
nutrients. Also, in this symbiotic association, there is a third componenti.., a
bacterium that seems to be having a loose or tight association with the plants and
the mycorrhizal fungi and play an important role in mycorrhizal function. So,
there is a tripartite relationship among host plant, AM fungi and bacteria. This
bacterium has been termed as ‘helper bacteria’ because it supports mycorrhizal
establishment [25].
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For the establishment of a symbiotic relationship with the nitrogen fixing
rhizobium bacteria, the AM fungi releases a ‘myc factor’ which is a diffu-
sional factor responsible for activating the nodulation factor’s inducible gene
MtEnod11. This gene is involved in establishing symbiotic relationship with the
nitrogen fixing rhizobial bacteria [26-28]. Under natural conditions, this bacte-
rium live in the cytoplasm as endobacteria or colonize the surface of extraradical

hyphae [29].
4.1.2 Natural growth regulators

AM fungi are used as bio-inoculants, and as prominent natural growth regulators
in sustainable crop productivity. Also, the stomatal conductance, leaf water poten-
tial, relative water content, photosystem II efficiency, and carbon dioxide assimila-
tion are improved by AM inoculation that contribute greatly to organic culturing for
growth promotion and yield maximization [30-32].

4.1.3 Bio-fertilizer

For fulfilling the fertilizer requirements of plants in areas of marginal fertility
and to reduce the harmful effects of chemical fertilizer, AM have a potential use as
a biofertilizer. Bio- fertilizers are a mixture of naturally occurring substances for
improving soil fertility [33]. Various problems and damaging impact on the quality of
food products, soil health, and air and water systems are associated with the continu-
ous use of inorganic fertilizers, herbicides, and fungicides. Reports showed the AM
can possibly lower down the use of chemical fertilizers up to 50% for best agricultural
production [34].

4.1.4 Plant yield

AM Fungi can also have potential to enhance the dietary quality of crops and
to increase the levels of secondary metabolites and production of carotenoids and
certain volatile compounds. There are reports that showed beneficial effects of AM
fungi Glomus versiforme on the increased contents of sugars, organic acids, vitamin
C, flavonoids, and minerals resulting in enhanced citrus fruit quality. It enhances
plant yield for a healthy food production chain by increasing the accumulation of
anthocyanins, chlorophyll, carotenoids, total soluble phenolics, tocopherols, and
various mineral nutrients. The field production of maize, yam, and potato, has been
significantly increased using AM fungi [34-36].

4.1.5 Mineral nutrition cycle

The performance of most agricultural crops becomes better and is more pro-
ductive in the presence of AM fungi. Mycorrhiza develops symbiosis with roots to
obtain essential nutrients from the host plant and consequently provide mineral
nutrients in return, for example, N, P, K, Ca, Zn, and S. This symbiosis increases
the micronutrient uptake and growth of their plant host [37]. It has an important
function in promoting the mineral cycling by maintaining an efficient and closed
nutrient cycle of natural ecosystems, thereby changing the ecology of surrounding
environment. An increase in the accumulation of biomass is also observed by the
inoculation of AM fungi. This is because AM fungi increases the concentration of
various macro-nutrients significantly, leading to increased photosynthate produc-
tion [38, 39]. Thus, even under inappropriate conditions it provides nutritional
support to the plants.

22



Arbuscular Mycorrhizal (AM) Fungi as a Tool for Sustainable Agricultural System
DOI: http://dx.doi.org/10.5772/intechopen.94442

4.1.6 Transport of phosphorus and nitrogen to plants

The AM fungi are important to their hosts as they enhance the ability of plants
to absorb phosphorus from soil, which is relatively inaccessible to the plants. The
arbuscules of the fungi assist in exchange of inorganic minerals and the compounds
of carbon and phosphorus imparting a considerable strength to host plants.
Therefore, it significantly boosts the phosphorus concentration in both root and
shoot systems. Also, under phosphorus-limited conditions, the association improves
phosphorus supply to the infected roots of host plants. For phosphorus uptake, the
crops that are poor at seeking out nutrients in the soil are dependent on AM fungi. It
has significant effects on different plant communities, particularly on invasive plants
and the fungal-mediated transport of phosphorus and nitrogen to plants [40-42].

4.1.7 Phyto-availability of micronutrients

A part from the macronutrients, AM fungi association has been reported to
increase the phyto-availability of micronutrients like zinc and copper. Also, it helps
the plants to take up nutrients from the nutrient-deficient soils. It is also responsible
for the uptake of almost all essential nutrients, specifically phosphate, in plants. It
was also reported to increase the absorption of trace elements, such as boron and
molybdenum [43-45].

On the other hand, it also decreases the uptake of sodium and chlorine thereby
stimulating the plant growth. Increased nitrogen content in plants evidently results
in higher chlorophyll contents that can effectively trap nitrogen. Maintenance of
calcium ion and sodium ion ratio helps improve the overall plant performance. It
also improves the surface absorbing capability of host roots [46-48].

Some examples of enhancement of mineral nutrition:

* In mycorrhizal chickpea, improved growth and levels of protein, iron, and zinc
were found [49].

* In the mycorrhizal roots of Lotus japonicus, an enhanced activity of a potassium
transporter was reported [50].

* AM fungi when inoculated in tomato plants have shown increased leaf area,
and nitrogen, potassium, calcium, and phosphorus contents, showing an
increased plant growth [51, 52].

* In Pelargonium graveolens L., mycorrhizal symbiosis increased the concentra-
tions of Nitrogen, Phosphorus, and Iron under drought stress [53].

* In Euonymus japonica, improved levels of P, Ca, and K under salinity stress due
to instant fungus attachment were reported. In another study, AMF-inoculated

Pistachio plants exhibited high levels of P, K, Zn, and Mn under drought stress [54].

* In Chrysanthemum morifolium plant tissues, improvement in P and N contents
were reported [55].

* In Leymus chinensis, an increased seedling weight by improving water content
and intercellular CO2, P, and N contents was reported [56].

* Glomus mosseae and Rhizophagus irregularis showed improved heavy metal
translocation in the shoot [57, 58].
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4.1.8 Quality of soil

Mycorrhizal symbiosis can be further increased by agricultural practices
like reduced tillage, low phosphorus fertilizer usage, and perennialized
cropping systems [59, 60]. In the agroecosystems the quality of the soil and
the productivity of the land can be enhanced by colonization of AM fungi. It
enhances the constant masses, soil aggregate stability, rapidity of soil recovery,
and significantly increases extra-radical hyphal mycelium in the soil. This is due
to a soil protein known as glomalin, that is thought to be of AM fungal origin.
Glomalin is responsible for improving soil aggregate water stability and for
decreasing soil erosion [61].

4.1.9 Water stress tolevance

By physiological alteration of the above-ground organs and tissues, it enhances
water stress tolerance, accumulation of dry matter and water moisture uptake,
thereby improving plant tolerance against stresses like salinity and drought.
Glomalin-related soil protein (GRSP) is maintain water content in soils exposed to
different abiotic stresses and enhances the soil water holding capacity, which later
on regulates water frequencies between soil and plants, thereby enhancing plant
development [62-64].

4.1.10 Plant tolevance to stressful circumstances

Plant tolerance against various biotic and abiotic stressful circumstances like
alkalinity and toxicity resulting from mining operations, heavy metals and mineral
imbalance are reported to be increased by AM symbiosis. This is because of the
communal nutrients’ relocation from fungi to the plant, along with other related
effects such as changes in their morpho-physiological traits [65-72].

4.1.11 Disease control

Apart from increasing the availability of macro and micronutrients, AM pro-
vides the plant with necessary strength to resist disease germs and unfavorable
conditions. They also increase host tolerance to pathogen attack and compensate
for the loss of root biomass or function caused by pathogens including Root-knot
nematodes and fungi [73, 74]. The presence of AM fungi showed consistent reduc-
tion of disease symptoms for fungal pathogens such as Phytophthora, Fusarium,
Chalara, Pythium, Rhizoctonia, Sclevotium, Verticillium, Aphanomyces. Several
hypotheses have been put forwarded to explain the mechanisms of plant disease
control by mycorrhizal fungi [75-77].

Some of them include creating a mechanical barrier for the pathogen
penetration, thickening of cell wall through lignification and polysaccharide
production that stops the entry of root pathogen, stimulation of the host
roots to produce and accumulate sufficient concentration of metabolites like
terpenes and phenols, imparting resistance to the host tissue against pathogen
invasion, stimulating flavonolic wall infusions to prevent lesion formation by
the pathogen, producing antifungal and antibacterial antibiotics, competing
with the pathogens for the uptake of essential nutrients in the rhizosphere and
at the roots surface, competitions in the roots and thus preventing the pathogen
to get access to the roots. Harboring more actinomycetes antagonistic to root
pathogen [78-81].
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5. Conclusion and future prospect

Modern sustainable agriculture demands for a low-input and more nature-
based system having role of soil loving microorganisms that are able to accelerate
plant nutrition, health and soil, quality, also under stressful environments. All of
these demands are being fulfilled by AM fungi. Its use in increasing food produc-
tion is far and wide; therefore, is a better tool for modern sustainable agriculture
particularly as biocontrol agent. Encouragement of AM as a tool for sustainable
agriculture usage is of immense importance. Exploitation of AM for promoting a
bio-healthy agriculture can significantly reduce the use of synthetic fertilizers and
other chemicals resulting in agricultural improvement. Hence, using AM fungi asa
biocontrol agent in modern sustainable agriculture, in terms of various parameters
like reduction of damage caused by various pathogens, cost effectiveness, energy
saving and also as an environment friendly, is a promising perspective for a sustain-
able agricultural system. The primary focus of future research should be on the
identification of genes and gene products controlling the AMF mediated growth
and development regulation under stressful cues. Identification of both host as
well as AMF specific protein factors regulating symbiotic association and the major
cellular and metabolic pathways under different environmental stresses can be hot
areas for future research in this field.
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Advantages of Arbuscular

Mycorrhizal Fungi (AMF)
Production for the Profitability
of Agriculture and Biofertilizer
Industry
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Abstract

Decades of ill-agricultural practices associated with emerging risks of climatic
changes have been degrading the ecosystem with immense stress on the soil health,
crop productivity. Arbuscular mycorrhiza (AM) form advantageous symbiosis between
plant roots and specialized soil fungi that is rampant in natural habitats. Studies show
that the elevated AMF indicated good soil health, high crop turnouts benefiting the
Agriculture and other industries. AMF dependent on plants for sugars, while offering
benefits like intact binding of soil particles, biomass increase, improvement of water-
holding capacity, replacement of harmful chemicals, increased intake of phosphorous,
zinc and other nutrients, drought and salinity tolerance, carbon sequestering in soil
and protection from nematodes and other predatory insects. AMF are best candidates
as bio-fertilizers and this review will explore their beneficial interconnections.

Keywords: arbuscular mycorrhizal fungi (AMF), bio-fertilizers, phosphorous,
drought and salinity tolerance, nematodes

1. Introduction

In past decades, there are escalating events of abiotic stress like drought, low or
high-salinity, soils contaminated with heavy metals, extremely high or low temper-
atures and other extreme calamities of climate such as hurricanes, tornadoes have
always been detrimental to agriculture and industries. Added to the list, increasing
effects of the unseasonal climatic changes such as earthquakes, tsunamis have
immensely damaged our lands. On top of everything else, agricultural malpractices
like poorly managed animal feeding operations, overgrazing, plowing, tilling,
excessive fertilizer usage, genetically modified crops, deforestation, excessive
irrigation, pesticides, phosphorous mining, poor agricultural waste management,
increasing soil pathogens have severely crippled the agricultural yields [1]. The
world populace is projected to be 9.7 billion in 2050 and approximately 11 billion
around 2100 according to UN population division and thus the global need for
increased food sources by agricultural production must be definitely promoted to
keep up with the population. Many improvements must come up for better agricul-
tural quality and productivity shortcomings with insightful management.
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Figure 1.
Mycorrhizal fungal association in roots of legumes (photo courtesy: Corsi and Muminjanov [2]).

The Food and Agriculture Organization (FAO) United Nations reveals major
challenges to sustainable intensification of land and agricultural practices such
as land degradation due to tillage erosion, soil compaction, overgrazing, nutrient
mining, overuse of mineral fertilizers and herbicides, inefficient irrigation prac-
tices, ignorant crop management practices and other malpractices [2] that needs
immediate attention. The FAO Agricultural Development Economics Division
voice out for crucial remedial measures on agricultural practices as the population
growth and global food demand towards 2030/50 seems worrisome [3].

Studies show that AMF associated agricultural practices can offer major relief
by sustainable and beneficial consequences for both agricultural and natural
ecosystems through its association with the plants and soil. This chapter presents
the symbiotic interconnections of AMF for the advantageousness in agriculture and
industry are highlighted (Figure1).

2. AMF background and evolvement

The fungus is a eukaryotic organism that belonged to the plant kingdom at the
beginning; nonetheless, as the studies unfolded its unique features, scientists realized
that fungi were much alike animals than plants by exhibiting features like cell mem-
brane-bound organelles, distinct nuclei, and lack of chlorophyll in their cells. Fungi
have an exclusive life cycle of having principal modes of vegetative growth, nutrient
intake unlike animals that enabled it to have a distinguished identity. The kingdom of
fungi has about 1.5 million known species covering the yeasts, rusts, smuts, mildews,
molds, and mushrooms. Some organisms like slime molds and oomycetes (water
molds) show many fungi-like features and are included in the kingdom of Chromista.
Fungi are widely distributed on earth and are mostly free-living, some form parasitic
or symbiotic relationships with plants or animals. Many fungi are of great environ-
mental and medical importance and its study is termed as Mycology [4].

A typical fungus has minute filamentous cytoplasmic morphologies bounded
by a plasma membrane and cell wall known as hyphae. Their cell walls are made up
of flexible polysaccharides called chitin, resembling the exoskeleton of insects. The
hyphae have many auxiliary cell walls, known as cross-walls or septa, typically per-
forated with pores that are large enough for ribosomes, mitochondria, and nuclei to
flow. The hyphae branch extensively as they mature, forming complex multicellular
structures known as mycelium. A mycelium gives heterotrophic nourishment as they
feed on organic food sources, digest them externally before absorption by secreting
valuable enzymes into its surroundings. These mycelia can spread to vast areas that
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Figure 2.
Transmission Electron micrographic view of a colonized host cell with an arbuscular branch (fungus),
surrounded by the peri arbuscular membrane (photo courtesy: Chen et al. [8]).

Figure 3.
Scanning electron micrograph of mycorrhizal hyphae and spores (photo curtesy: Mycorrhizal applications
@ GPNMAG.COM 2018).

serve as a phenomenal symbiotic benefit to the plant root system, giving it a unique
chance to obtain phosphate and other minerals far off the nutriment depleted zones,
while the fungal takes sugars from the plant. Symbiotic association between a fungus
and the roots of a vascular plant is often termed as Mycorrhiza or root fungi [5].

The mycorrhization of a plant root that develops as a cover surrounding the
roots is termed mantle, from which the hyphae grow, and this is Ectomycorrhiza.
On the other hand, Endomycorrhiza is when the mycelium is implanted within
the root tissue and these are also termed as the arbuscular mycorrhizae (AM) or
arbuscular mycorrhizal fungi (AMF).

More than 80% of the terrestrial plants show symbiosis with AMF and they
belong to Phylum Glomeromycota. AMFs are obligate biotrophs, absorb photo-
synthetic byproducts and lipids in the plant symbiotic connections [6]. AM are
expected to have originated approximately 480 million years ago, the fossilized
fungal hyphae and spores from the Ordovician of Wisconsin (USA) bear a strong
resemblance with the current AMF (Glomales, Zygomycetes). These fossils sug-
gested that Glomales-like fungi existed in the bryophytic vegetation. Later many
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reports supported that AMF was essential constituents in predominant land plants
in most taxa in all the ecological niches for ages. The Glomeromycota are a distinc-
tive obligate biotrophic fungi that majorly comprises AMF related in symbiosis with
many Embryophytes [7]. Nevertheless, certain mycoheterotroph plant species on
AMF symbiosis turned in to obligate parasites having completely lost plastid genetic
apparatus, photosynthesis genes with secondary functions, NADH dehydrogenase-
like genes and photosynthesis genes. As another diversity was seen in plant taxa
such as Brassicacea (or Cruciferae) and Chenopodiaceae, where they have shown
asymbiotic interaction with AMF and these plants developed other strategies for
their nutritional requirements (Figures 2 and 3) [9].

3. AMF as biofertilizers

Many active or dormant strains of bacteria or fungi or in combinations are
used diametrically or collaterally to activate the rhizo-microbiome and trigger the
nutrient supply from soil to plants that would ultimately result in enhancement
of crop yields. These microbial strains are broadly termed as biofertilizers, bio-
inoculants, agricultural inoculants, soil inoculants, or microbial inoculants. These
bio-inoculants with unique merits are highly encouraged globally and are earning
prominence in modern agricultural customs, practices and maneuvers contrasting
to other conventional or synthetic pesticides and fertilizers. These biofertilizers are
safe to handle, are required only in small quantities as they capable of fast replica-
tion, their action can be leveraged or optimized based on their incumbencies,
decompose quickly with negligible ill effects to the environment and show lower
resistance to host plant and infective organisms [10].

Plant growth promoting and disease suppressing microbial inoculants such as
Agzospirillum, Bacillus, Pseudomonas, Rhizobium, Serratia, Stenotrophomonas, and
Streptomyces, Ampelomyces, Coniothyrium, Glomus, and Trichoderma are extensively
examined and analyzed for their mechanism of action and regulatory gear. Even
though multiple categories of biofertilizers are at hand, the AMF is reported of mani-
fold advantages and graded high for soil health and crop productivity [11]. Studies
have shown comparative progress where plants get better nourishment with greater
AMF colonization than that of the non-mycorrhizal plants even with conditions like
mineral deficiency and abiotic stress. AMF establishes symbiotic interconnection with
many different types of Plants or the other way round, that leads to the formation of
common mycorrhizal networks (CMNs) and such mycorrhizal interactions are excep-
tionally valuable for healthier plant growth and yield in most of the scenarios [12].

Certain AMF show specific combinatorial benefits with specific types of plant
species from all types of geographical locations that can result in positive mycor-
rhizal growth response (MGR) and this is a progressive mutual adaptation that
did not correlate with phylogenetic lineage patterns relevant to variant species
[13]. Contrarily, some studies though agree with the functional specialization of
AMF, proved that such incidence is a flexible phenomenon where plant species are
required to show compatibility with at least a few AMF. This scenario with minimal
host specificity and broad functional specialization encourages vast biodiversity
and productivity in plant communities [14].

Rampant use of inorganic fertilizers, herbicides, and fungicides are causing
multiple injurious health risks to every living organism by hazardous impacts on the
quality of food, soil, air, and water systems [15]. Over the years, many investiga-
tions have proven the efficacy of AMF for best agricultural production compared to
other synthetic or chemical fertilizers under the prevalent stressful conditions, as
addressed below.
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4. Drought tolerance

Drought is the scarcity of water in soil for prolonged durations affects plant
growth. It has severe implications on the entire plant biorhythm and growth at
every notch. Deficit water supply to roots causes oxidative stress due to anomalies
in transpiration [16], affects enzyme activity, ion uptake, and nutrient assimila-
tion [17]. Many investigations have evidenced that AMF can allay drought stress
in varied crop like wheat, barley, maize, soybean, strawberry, and onion [18]. This
remarkable tolerance is reasoned essentially due to the extra-radical hyphae of
AMF that has the capability of vast area spread [19]. Further, the osmotic adjust-
ment, stomatal regulation, enhanced proline, and glutathione level are exhibited
to have augmented root efficiency, leaf area index, and biomass under the instant
drought conditions and against severe environmental conditions. Reports have
demonstrated that the enhancement in growth and photosynthesis in C3 (Leymus
chinensis) and C4 (Hemarthria altissima) plant species through up-regulation of
antioxidant system by AMF symbiosis (Figure 4) [20].

Figure 4.

201g7 California spring trials. Coreopsis plants (image 1) inoculated with AMF (left) showed better tolerance
than plants without AMF under same drought stress. Coreopsis plants (image 2) treated with AMF showed
improved top growth and root system development (left) than that without AMF inoculation (vight) (photo
courtesy: Mycorrhizal applications @ GPNMAG.COM 2018).

5. Salinity stress alleviation

Soil salinization is an aggravating issue threatening global food safety as it
suppresses the plant development leading to reduced crop harvest (due to enormous
formation of reactive oxygen species (ROS)) [21]. Many research reports showed
the efficiency of AMF to enhance growth and crop yield under salinity stress. AMF
association triggered the synthesis of plant hormones such as jasmonic acid and
salicylic acid, and inorganic nutrients (P, Ca*, N, Mg2+, and K*) under salt stress
conditions [22]. Some mycorrhizal associated plants showed increased amount of
biomass, proline, N,, and remarkable alteration in ionic uptake. AMF inoculation
showed better levels of key growth regulators such as cytokinin, polyamine and
strigolactone concentrations, suppressing lipid membrane peroxidation and regula-
tion of the osmoregulation [23].

6. Resilience to extreme temperatures

Extreme temperatures such as Heat stress and Cold stress are prevalent chal-
lenges faced by plants globally. Heat stresses reduce seed germination, growth rate
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and biomass, and cause wilting or burning of leaves and reproductive organs, and
which leads to senescence of leaves, damage and discoloration of fruit, reduction
inyield, cell death, and enhanced oxidative stress [16]. Mycorrhizal plants showed
encouraging growth under the conditions of high temperature [24]. AMF supports
plants in cold stress and helps plant development [25] as they can retain moisture in
the plant [26], increase plant secondary metabolites boosting immune system, and
improve protein content to ameliorate cold stress [27].

7. Minimization of heavy metal toxicity

Accumulation of heavy metals in food crops, fruits, vegetables, and soils are
very hazardous [28]. Plants grown on soils with excessive Cd and Zn exhibit consid-
erable suppression in shoot, root growth, leaf chlorosis, and even death [29]. AMF
associations have shown fortified growth and crop yield under aluminum stress and
other metals [30]. Heavy metals are immobilized in the internal or external surface
of fungal hyphae and will be stored in their vacuoles or may chelate with some other
substances in the cytoplasm, minimizing the toxicity effects [31]. Mycelia of vari-
ous AMF have a high cation-exchange capacity and absorption of metals [32] and
they enhance the plant biomass, that uptake important immovable nutrients like
Cu, Zn, and P further nullifies the metal toxicity [33].

8. Oxidative stress

Exposure of plants to drought, salinity, heat and cold stress, other harmful con-
ditions causes oxidative stress, an enhanced production of reactive oxygen species
(ROS), which can be highly injurious to plants [34]. Some of the enzymes including
superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), and glutathione
reductase (GR) prevent the production of ROS [35]. Mycorrhizal plants have proven
to successfully overcome oxidative stress by improved biomass production, leaf
water relations and stomatal conductance [36], other amplifying operations include
improved photosynthetic rate, uptake and accumulation of minerals, assemblage
of osmo-protectants, up-regulation of antioxidant enzyme activity, and change in
the rhizosphere ecosystem [37]. Studies have shown the improved nutritional status
of AMF plants under osmotic stress conditions resulting from deficit irrigation or
salinity. Some of the substantial variations were observed in the charectorstics of
phytohormones, absorption of minerals, compilation of osmolytes and secondary
metabolites, and in the antioxidant execution systems. These impacts are presumed
to have enhanced the nutraceutical value of yield in crops mounting to immense
agronomic accomplishments [38].

9. Biotic stress

Plants encounter biotic stresses caused by pathogenic fungi, viruses, bacteria,
nematodes, insects, etc. that cause diseases, infections and affect crop productivity.
AMF association is known for potential biocontrol mechanisms such as antibiotic
production, competitive interaction strategies among the rhizo-microbiome and
pathogens, mycoparasitism, and inducing genetic expression changes able to induce
systemic resistance inside the host plant [39]. AMF is reported to have biocontrol
capacity over powdery mildews [40] and the nonpathogenic and saprotrophic
species of Rhizoctonia, Fusarium, and Trichoderma have been utilized to reduce
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damage caused by genetically and phenotypically similar pathogenic fungi. They
are known to control soil-borne and plant diseases and studies reported that
increased plant growth was seen in associated with strains of Trichoderma, Glomus
intraradices, Glomus mosseae, and other plant growth-promoting microorganisms
due to systemic resistance against plant pathogens by upregulating specific genes in
the host plant [41]. There is a growing body of evidence on multifunctional pros-
pects of AMF as efficient biocontrol agents for augmented plant productivity by
enhancing crop nutrition. Many AMF act as broad biopesticides or selective agents
such as mycoinsecticides, mycoacaricides, myconematicides and others [42].

10. Minerals and phosphorous transport

AMF improves plant nutrition and helps them to cope with changing environ-
ments. Plants use inorganic phosphate (Pi) and it is the most important limiting
factor for its growth. Since soluble Pi levels are low in the soil, the symbiotic
interconnection with AMF will efficiently supply the needful Pi and other mineral
nutrients in exchange for carbohydrates [43]. AMF expresses proteins to transfer
inorganic phosphate (Pi) from the soil to colonized roots through symbiotic inter-
faces [44]. AMF compatible plants have two Pi uptake pathways that have different
sets of phosphate transporters: a direct up take pathway through the epidermis and
root hairs, and a symbiotic uptake pathway for the Pi provided by the fungus [45].
In Addition, AMF shows extraordinary symbiotic Pi uptake, by boosting the plant
mineral nutrient acquisition even with low-nutrient supply [46].

11. Crop yield enhancement

AMF can improve the nutrient status, quality, and yield of the crops, AMF-
colonized crops show increased levels of secondary metabolites with antioxidant
[47] and enhancement of dietary quality of crops with carotenoids and volatile
compounds were observed [48]. Mycorrhizal symbiosis enhances the accumulation

Figures.
Effect of mycorrhizal treatment on corn (on the left) with their control (on the right). Ohio, USA, 2019 (photo
courtesy: Groundwork BioAg).
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of anthocyanins, chlorophyll, carotenoids, total soluble phenolics, tocopherols, sug-
ars, organic acids, vitamin C, flavonoids, and mineral nutrients [49] and enhanced
the biosynthesis of phytochemicals in edible plants (Figure 5) [50].

12. Soil erosion and nutrient leaching

AMF helps to successfully overcome soil erosion and nutrient leaching in natural
as well as in agricultural lands [51]. AMF mycelium is highly ramified and creates
a three-dimensional matrix that enmeshes and crosslinks soil particles without
compacting the soil with soil glycoprotein, glomalin for stabilization of soil aggre-
gates [52]. Glomalin and glomalin-related soil proteins (GRSPs) account for a vital
fraction of total organic soil carbon (2-5%), and for sequestration of carbon in the
soil [53]. The hyphal network of AMF, and their promoting effects on plant growth
and root system development, protect the soil from erosion by wind and water,
promotes water retention capacity and nutrient supply [54].

Nutrient leaching is a serious risk as it results in soil infertility and pollution
of groundwater and surface water (rivers, lakes). Agricultural lands are disturbed
by malpractices like extensive plowing and tilling, and receive large amounts of
fertilizer with N, P and K. These can get washed out from the soil due to the lack of
retention systems leading to undesirable consequences [55]. AMF reduces nutrient
leaching from the soil [56] by operating at different levels, such as improving soil
structure, nutrient sequestration to the micro and macro-soil aggregates, uptake of
nutrients from the soil solution and reviving its retention capacity [57].

13. Crop care and horticulture

Cultivation of a garden, orchard, or nursery of flowers, fruits, vegetables, or
ornamental plants with AMF associations has received notable appreciation. Other
extended aspects of horticulture include plant conservation, landscape restora-
tion, soil management, landscape and garden design, construction, maintenance,
and arboriculture [58]. The AMF attributes such as upregulation of Pi, nutrients,
survival rate, plantlet micropropagation, crop uniformity, enhanced fruit produc-
tion with high nutrient values, resistance to biotic and abiotic stress are attracting
botanists, horticulturists, and other scientists (Figures 6 and 7) [60].

Figure 6.
Outcome of AMF inoculation on enhanced root structure and size of Banana saplings; control compared with
the test saplings T,_, (photo courtesy: Emara [59]).
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Figure 7.

Geranium plants grown on commercial nutrient regime (left) and that grown with the same nutvient supply
with additional mycorvhizal fungi (vight) which shows better nutrient and water uptake and use efficiency
(photo curtesy: Mycorrhizal applications @ GPNMAG.COM 2018).

14. Potential use in reforestation, landscaping, bioremediation and
revegetation

Mycorrhizal associations are extensively utilized for reforestation programs, the
ectomycorrhizal fungi are employed to produce containerized seedlings and AMF
are raised with plantlets to survive transplantation shock [61]. Such seedlings may
have better survival after planting in tropical settings or another natural environ-
ment with varied climate conditions [62].

Landscaping is an evolving industry financed by enthusiastic customers from
private corporations, businesses, private homes and government agencies for esthetic
highway and road maintenance, seeking low-cost and natural solutions. AMF associa-
tion has encouraged the best native planting and reclamation practices with appealing
sports fields, road medians, golf courses, public and private parks, and gardens [60].

Bioremediation and revegetation are a scenario that promotes plant growth
in contaminated soils and AMF has acclaimed its potential in this regard also
[63]. Decades of agricultural and industrial malpractices, volcanic ash, mine
spoils, waste deposits and other anthropogenically polluted sites are filled with
organic compounds or heavy metals. AMF has mineral-scavenging capacities with
two kinds of strategies, they accumulate and sequester toxic metal ions, or they
deliver to plants in the form of essential mineral nutrients such as Cu and Zn [64].

Figure 8.
Improved land scaping with AMF (photo courtesy: AMF lawns @ AMFLawns. Landscape Company).
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Bioremediation and phytoremediation by mycorrhizal inoculants are an emerging
frontier and needs attention (Figure 8).

15. Conclusion

AMF association with plants amplifies its growth and harvest with fortified
nutrients, parallelly resists environmental stress and defends from infections.
Furthermore, revamps soil quality, texture, and water retention capabilities in both
the agricultural and industrial sectors. With all the fundamental features, they are
proving to be significant in both academic and commercial arenas. Novel cost-effec-
tive techniques are required to check AMF quality control, social media, computer-
based technologies can help to promote mycorrhizae application on agricultural
field. The awareness presentations through social media will be a best method to
reach the importance of AMF to organic farmers. Antimicrobial resistance is an
evolved hazard in the modern world and replacing chemical fertilizers, synthetic
pesticides, fertilizers, and other microbicides with biofertilizers is predominantly
essential.
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Chapter 4

Production of Vegetable Crops by
Using Arbuscular Mycorrhizae

Ozlem Altuntas

Abstract

In modern agriculture, application of beneficial microorganisms has become more
reliable and alternative source to reduce the application of pesticides. Several studies
demonstrate that the beneficial microorganisms like arbuscular mycorrhizal (AM)
fungi, Pseudomonas species, Trichoderma species etc. increase the plant growth and
their and also improve the quality of soil. Additionally, these microorganisms increase
the resistance of host plants against biotic and abiotic stresses. In the present chapter;
vegetable crops in horticultural systems were focused. Most of the vegetable crop form
symbiotic relationship with mycorrhiza acting as a bridge for the flow of energy and
matter between plants and soils. The symbiotic relationship includes most species of
vegetables and some species of fungi that have great relevance to soil ecosystem func-
tions, especially nutrient dynamics, microbial processes, plant ecology, and agricul-
ture. AMF can improve the nutrient and water uptake, induce tolerance of abiotic and
biotic stress of their host plants. In the sustainable agriculture, the association of soil
microorganisms with plant roots can also be exploited and in this way improve plant
growth and productivity under normal and stressful environment. As a result, mycor-
rhizae improves plant growth, root structure development and crop yield and quality
in almost any ambient condition. In addition, another benefit of mycorrhizae is that
plants are resistant to diseases. it is concluded that arbuscular mycorrhizal infused
pepper seedlings have high yield and quality. And also arbuscular mycorrhizae can be
recommended for high yield and quality crop.

Keywords: Arbuscular mycorrhiza, vegetables, plant growth, nutrient uptake, yield

1. Introduction

Industrialization and rapid population growth, especially after World War II,
caused significant environmental problems around the world. Among these prob-
lems, the most significant one was the hunger. In order to overcome this problem,
different opinions have been put forward. One of them was to acquire new areas
to agriculture while the other was to obtain maximum yield per area. Since the
first suggestion was not easy to practicable, second one shined out as an important
opportunity. As the world population grows, providing the necessary food for peo-
ple to feed will increase the demand for agricultural production, which will be the
biggest challenge facing agriculture. To meet this challenge, there is a need to focus
on the soil biological system in the farmed land and the agricultural ecosystem as
awhole. When we look at the current situation; although the food produced is not
insufficient, there is a problem in distributing it to the regions in need. As a result of
the problem arising from this distribution injustice (there are regions with hunger
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problems in the world), it has led to high input agriculture and green revolution
for higher yields. In the green revolution, high inputs were used for high efficiency,
injustice in the distribution of products to the world continued, while there was

an excess of wasted food in some regions, the need for food continued in hungry
regions. However, the constant and alarming increase of the human population
still threatens the world’s food security. Therefore, it is thinked that a second green
revolution will be needed to increase food production by about 50% in the coming
years [1, 2]. Moreover, the use of chemical fertilizers has theoretically reached its
maximum use and there will be no yield increase due to the use of fertilizers [3, 4].

It is becoming increasingly clear that while increasing the yield by applying
more chemical fertilizers to the soil, the soil and plants cannot maintain a healthy
production for a long time. Because indiscriminate and over-application of chemi-
cal fertilizers poses a danger to human and environmental health, agronomists
have sought alternative strategies that can ensure productivity while maintaining
soil health. This new concept of agriculture, often referred to as “sustainable
agriculture’, requires agricultural practices that are environmentally friendly and
maintain the long-term ecological balance of the soil ecosystem. In this context,
the use of biofertilizers (beneficial microorganisms) in agriculture constitutes an
environmentally friendly alternative to other applications of mineral fertilizers.
Continuous investigation of the natural biodiversity of soil microorganisms and
optimization of microbial interactions in the rhizosphere are prerequisites for the
development of more efficient microbial inoculants. In agricultural production,
in addition to providing sufficient food for the increasing human population, the
quality of agricultural products, healthy, ecologically compatible, environmentally
friendly techniques are increasing. Application of beneficial microorganisms, is an
important techniques that improve the ecosystem, soil and human health.

For example, excessive use of nitrogen fertilizers causes nitrate accumulation,
especially in green leaf-eaten crops, and contamination of groundwater by leach-
ing of nitrogen fertilizers. The reduction or replacement of chemical fertilizers
with the use of beneficial microorganisms has been proven by studies [5-7]. Since
beneficial microorganisms fulfill important ecosystem functions for plants and soil,
both healthy and high quality agricultural production and reduction of chemical
input use can also play a key role in preventing yield reduction [8-13]. Moreover,
in modern agriculture, many plant species traditionally produced due to the use of
chemicals are susceptible to diseases. Stimulation of plant growth and crop protec-
tion can be improved by the direct application of a number of microorganisms
known to act as bio-fertilizers and/or bio-preservatives. In addition, the production
of metabolites related to root development and pathogen control (phytohormones,
antimicrobials, antibiotics) and their direct effects on some metabolic activities,
plant nutrients and water can be counted as their most obvious benefits. Although
it has been repeatedly demonstrated over the last 150 years that bacteria and fungi
promote plant growth and suppress plant pathogens, this knowledge has not been
extensively used in agricultural biotechnology [14].

The second most common microorganism in the soil is fungus. It is the most pre-
ferred and studied group of soil fungi, which are mostly related to photosynthetic
plants as mycorrhizal symbiotics. Mycorrhizae represent a vital component in plant
ecosystems: They are widely distributed in natural and agricultural environments
and are found in more than 80% of land plants, liverworts, ferns, woody gymno-
sperms and angiosperms and grasses. Providing an effective nutrient and water
uptake, resulting in increased yield and resistance to environmental stresses (biotic
and abiotic) most land plants need to be associated with mycorrhizal fungi. The use
of plant - mycorrhiza symbiosis in natural and agronomic environments has high
environmental and economic value. Mycorrhiza; It is a term derived from the Greek
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words mykes and rhiza, meaning mushroom and root respectively [15]. It was

first used in 1885 by Albert Bernhard Frank. Mycorriza expresses a symbiotic life
between soil fungi and plant roots [16]. Arbuscular mycorrhiza (AM) replaced the
earlier term “vesicular-arbuscular mycorrhiza” (VAM) because not all endomycor-
rhizae of this type develop vesicles, but all form arbuscules.

Mycorrhizae are found in many environments and their ecological suc-
cess is due to their wide variety. About 6000 species of mycorrhizal species in
Glomeromycotina, Ascomycotina and Basidiomycotina have been recorded, and the
use of molecular techniques increases this number. The taxonomic position of plant
and fungal partners defines the mycorrhiza species; for this the main distinction is
between endomycorrhizaes and ectomycorrhizaes. With the symbiosis ectomycor-
rhizae (ECMs) in the roots of trees and shrubs, hyphae remain extracellular and
cause significant changes in root morphogenesis. In addition, ectomycorrises cause
only subtle changes in epidermal or cortical cells [17]. In the endomycorrhizae,
namely the arbuscular (AMs), ericoid, and orchid mycorrhizae, hyphae penetrate
the stem cells to form an intracellular symbiosis independent of the plant host.
While AMs are common among various plant taxa [18], the ericoid and orchid
mycorrhizae are restricted to the family Ericales and Orchidaceae, respectively [19].
Arbuscular mycorrhizal (AM) fungi improve soil structure and aggregate stability
[20]. Therefore, it can be expected to increase water absorption and plant nutri-
ent uptake by plants in the treated soil, which may increase plant growth [20, 21].
Arbuscular mycorrhizal (AM) fungi, which are in symbiotic relationship with the
roots of the majority of land plants, increase the nutrient-absorbing root surface
area in the host plant through external myceliums [22]. In other words, root surface
area increase is that mycorrhizae develop an extramatric mycelium, which in turn
increases the plant nutrient absorption sites of the roots [23]. Since arbuscular
mycorrhizal fungi are obligate endosymbions and live with carbohydrates derived
from stem cells, all soil factors affecting plant growth and physiology will also alter
fungal activity and thus affect the structure and functioning of bacterial com-
munities [24]. It is now well understood that arbuscular mycorrhizal fungi alter
root functions [25], alter the carbohydrate metabolism of the host plant, and affect
rhizosphere populations [26]. Microorganisms in areas where hyphae of arbuscular
mycorrhizal fungi extend may affect mycorrhizal functions such as nutrient and
water uptake by arbuscular mycorrhizal fungi.

During intergenerational interactions, arbuscular mycorrhizal fungi improve the
phosphate nutrition of plants by using the available phosphorus in the soil due to
the large root surface area and high affinity phosphate uptake mechanisms created
by the hyphae [27, 28]. The role of arbuscular mycorrhizal fungi in improving plant
phosphate nutrition and their interactions with other soil biota has been investigated
with reference to host plant growth, there is research on the organic acid produc-
tion of arbuscular mycorrhizal fungi that can dissolve insoluble mineral phosphate
[29, 30]. AMF has a number of well-documented effects on plant nutrition ([31],
new literature), it is worth highlighting the potential role of AMF in micronutrient
uptake in particular [32, 33] because of its important implications for the nutritional
value of plant products. In addition, AMF potentially contributes to increased
drought resistance of the crop by improving plant-water relationships through a
variety of mechanisms [19]. In addition, AMF may interact with beneficial micro-
organisms such as phosphate-dissolving bacteria [34], with potential beneficial
contributions to the nutrient cycle and plant nutrition. At the ecosystem scale, AMF
gains importance with its effects on soil aggregation in soils where organic matter
is the main binding agent. Soil aggregation has important implications for carbon
storage [35, 36]. In addition to increasing water and nutrient intake in the soil, AMF,
which provides carbon storage in the soil, is one of the main determinants of soil
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quality. AMF plays important roles in agroecosystems, including the participation
of extra radical mycelium in promoting soil aggregation. Among these functions is
their role in soil aggregation, hypothesized to be partly mediated by a proteinaceous
compound released by an actively growing AMF mycelium in the soil: glomalin

[37, 38]. This proteinaceous compound, which was operationally identified and
extracted from soil as glomalin-associated soil protein [39], is highly associated with
an important soil parameter and total water stability [40].

In order to ensure desired yields in vegetable cultivation, chemical fertilizers are
applied in excess amount. In addition, more fertilizer are used in greenhouse vegeta-
ble growing because of the 2-3 times higher yield and the longer production season.
There is a greater need for farmyard manure in greenhouse and field vegetable grow-
ing than other production systems. However, it is quite hard to supply large quantites
of farmyard manure. For this reason, the need for plant nutrition instead of organic
fertilizer in the soil is generally provided by chemical fertilizers. It is known that
mineral fertilizer applications, especially nitrogen, are washed from the soil profile
and cause pollution in ground waters. It is also believed that chemical compounds
contribute to the greenhouse effect and the ozone layer under certain conditions. As
aresult of these negativities, agricultural practices that are friendly to the environ-
ment and which do not disrupt the ecological balance into the soil have been needed.
In this context, biological fertilizers, plant stimulants and biological pesticides have
been considered as resources that are able to meet the nutrients needed by the plant.
Microorganisms to be used as biological fertilizers; should be simple to apply cheap,
have high metabolic activity and be able to store for a long time.

As mentioned earlier, the use of excessive agricultural inputs to solve the hunger
problem, which is the result of increased population, corrupts food and living
quality. For this reason, organic farming has become an important part of the
world and researchers have done a lot of study on this subject. However, the limited
agricultural inputs that can be used in organic farming make plant nutrition
difficult in this production system. In this case, the use of bio-fertilizers for their
many positive effects on plants can be an alternative solution for this problem. In
this review, the use of mycorrhizae (one of bio-fertilizers) for different purposes in
vegetable growing was considered.

Vegetables are an important source for human nutrition. Turkey’s geographi-
cal conditions enable the cultivation of all kinds of vegetables [16]. Greenhouse
vegetable production in the Mediterranean countries are an important agricultural
sector. Open field vegetable cultivation requires a long vegetation period, and high
yield requires more intensive use of fertilizers in the greenhouse cultivation. Useful
soil microorganisms are destroyed during the disinfection of greenhouse pests.
These microorganisms do not exist in soilless cultivation media.

2. Use of mycorrhiza in soilless vegetables cultivation in the greenhouses

The effect of mychorrhizal inoculation with two species (Glomus clarum and
Glomus caledonium) and three different inoculation treatments (sowing, transplant-
ing and sowing + transplanting) were applied on pepper hydroponically grown on
perlite medium. G. clarum and G. caledonium increased 29% and 21% respectively
with respect to the control plants (Table 1). G.clarum was more effective on pepper
yield. As seen in the Figure 1, plant growth and development especially root growth
was excellent in plants inoculated with mycorrhizae. Mychorrhizae treatments
increased pepper yield [41].

Dasgan et al. [42] studied soilless grown tomatoes inoculated with mycorrhizae
in a plastic greenhouse (Figure 2). The substrate 1:1 perlite + cocopeat and nutrient
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Experiment Control G. caledomium G. clarum

Sowing (S) 839.92 912.38 1071.25

Transplanting (T) 839.92 964.67 989.71

S+T 839.92 1076.58 1116.54
Table 1.

The effect of mycorrhizae on the yield of peper plants at spring season (g plant™).

¥ CALEDONILATFERLLT
(TONUALFRDE v AR FERLET
- TOHUAL R IDY)

Figure 1.
Effect of mychorrhiza on the growth of pepper plants.

Figure 2.
Effect of mychorrhiza on the growth of tomato plants.

solution (full strength nutrients, the nutrient solution contained 20% and 40% and
60% reduced nutrients) were used. The yield was increased by mychorrhizae. The
mycorrhizae along with nutrient solution responded differently. The higher yield
was obtained in 60% nutrient solution (Table 2).
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Treatments Total yield
100% nutrient + M 9.65c¢
80% nutrient + M 11.65b
60% nutrient + M 13.40a
40% nutrient + M 11.15b
P 0.0035
LSD 0.005 1.39
Table 2.

The effect of nutrients and mycorrhizae on the yield of tomato plants (kg m™>).

G. Fasciculatum was applied on tomato variety M19 and perlite was used as the
substrate [43]. The mychorrizae use in soilless cultivation increases the tomato fruit
yield. The highest yield (19.5 kg m ™) was produced with the treatment under Open
(M+) system (Table 3). The mychorrizal colonization in the open or closed systems
affected the tomato yield. Higher fruit production was found for the mycorrhizal
versus the non-mycorrhizal plants in both closed and open systems. Closed (M+)
plants and Open (M+) plants produced 6.7% and 5.0% of higher yields, respec-
tively, than those of the Closed (M-) and Open (M-) plants.

Yilmaz and Giil [44] studied the effect of mycorrhizae and phosphorus on the
growth of eggplant (Figure 3). The cultivar Phaselis F1, and Glomus caledonium
and the pumice were used. Among the 3 different phosphorus (15, 30 and 45 ppm)
treatment, 15 ppm enhanced the yield along with mycorrhizal inoculation (Table 4).

Mycorrhizae fertilizer under the trade name ‘Endo Roots Soluble’ (ERS) was
used in the experiment. The seeds of squash were directly sown into the substrate
of perlite-cocopeat mixture in 1:1 ratio and cocktail mychorrhiza which contained
Glomus aggregatum, Glomus clarum, Glomus deserticola, Glomus etunicatum, Glomus
intraradices, Glomus mosseae, Glomus monosporus, Glomus brasilianum and Gigaspora
[45]. The highest yield was obtained from the cocktail mychorrhiza +nutrients solu-
tion(80%) (Table 5 and Figure 4).

Dere et al. [46] investigated the growth of cantaloupe melon at reduced mineral
nutrients and mycorrhizal treatments ((1)100% full nutrition(control), (2) 100%
full nutrition+mycorrhiza, (3) 80% nutrition,(4) 80% nutrition+mycorrhiza
(5) 60% nutrition (6) 60% nutrition+mycorrhiza (7)40% nutrition, (8) 40%
nutrition+mycorrhiza) (Table 6).

Mycorrhizal inoculation is an important for sustainable agriculture, as like
chemical and biological factors in the soil strongly influence nutrient management.

Treatments Yield
Closed (— M) 16.8b
Closed (+ M) 18.0b
Open (- M) 18.5ab
Open (+ M) 19.5a
P 0.047
LSD 0.005 1.758
Table 3.

The effect of mycorrhiza on the yield of tomato plant (kg m™*) at colosed and open system.
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Figure 3.
Effect of phosphorus and mycorrhiza on the soilless grown eggplant plants.

Treatments Istyear 2nd year

Mychorrhiza — 4,67b 4.88
+ 5.01

LSD 0.05 0.22 ns
P doses 15ppm 5.03 4.64
30 ppm 5.09 5.25
45 ppm 4.93 495
Mychorrhiza X P -15 4.51d 4.33
-30 4.72cd 542
- 45 477 cd 4.89
+15 4.95
+30 5.46 ab 5.09
+45 510 be 5.00

LSD 0.05 0.38 ns

Table 4.

The effects of phosphorus and mycorrhiza on the total yield of soilless grown eggplant plants (kg plant™).

Treatments 100% Nutrients 80% Nutrients 60% Nutrients

M+ 383b 1019 532

M- 797 a 984 598
Table 5.

The effect of mychorrhiza and reduced nutrients on the yield of squash plants under open soilless system
(gm™).
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Figure 4.
Role of cocktail mycorrhiza on the summer squash plants in the greenhouse.

Treatments Total yield
100% N + M 9.64b
100% N 8.28 bc
80%N + M 12.44a
80% N 833 bc
60% N + M 6.09 cd
60% N 572d
40% N + M 6.11cd
40% N 593 cd

N: Nutrition, M: Mycorrhiza. Different letters on a column indicate significant differences according to Tukey’ test
(P<0.05).

Table 6.
Effect of mycorrhizae on total yield of melon in the reduced nutrient levels.

For sustainable nutrient and water management, soil and crop management can be
improved by using selected mycorrhizal spores [47] or by producing mycorrhizal
inoculated on seedlings [48].

3. Conclusion

The cultivation of vegetables is a very important in the agricultural sector. For
healthy vegetables production, the organic farming is one of the ways to bring stabil-
ity and sustainability to agriculture. The complete elimination of chemical fertilizers
is not possible. But the biofertilizers may reduce the chemical inputs. Mycorrhizae
increase the plant growth and yield by providing water and nutrients. In conclusion,
the mycorrhizae are important for the growth of agricultural crops as well as the health
of ecosystem. Mycorrhizae inoculated plants can easily adapt to greenhouse and field
conditions.
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Chapter 5

The Role of Mycorrhizae on
Seedlings and Early Growth of
Sugarcane

Wawan Sulistiono and Taryono

Abstract

The role of mycorrhizae in plant growth is well known, such as the ability to
increase nutrient uptake, especially phosphate (P), drought tolerance, and resis-
tance to pathogens. It is necessary to understand the application of arbuscular
mycorrhizal technology in industrial plant production systems and their impact on
agriculture systems. Large-scale nurseries of plantations require proper mycorrhizal
application techniques. The relationship of mycorrhizal infection with plant yield
(biomass) is known and in the next step, appropriate application time is needed to
increase the effectiveness of mycorrhizae in plant growth and yield. Application of
mycorrhizal inoculum was more effective in increasing the biomass of sugarcane
stem weight to reach 61% with an increase in infection of 41.3%. In addition, the
mycorrhizal application increases the root growth of sugarcane seedlings. The root
growth promoting ability is important to increase the initial growth of plants after
transplanting in dry land under the influence of drought stress, limited nutrients.
The application of this technology is expected to increase plant growth, facilitate
the maintenance and efficiency of cultivation on an industrial scale.

Keywords: mycorrhizae, seedlings, early growth, industrial crops, plantation

1. Introduction

Arbuscular mycorrhiza (Zygomycetes) is a symbiotic form of mutualism
between fungal mycelium and higher plant roots. It is estimated that more than
80% of the higher terrestrial plants have a symbiosis with mycorrhizae [1]. The
arbuscular mycorrhizae are known as vesicular-arbuscular mycorrhizae (VAM).
VAM infects from outside the root into the root tissue and enter the root cells to
form vesicles and arbuscules [2]. Arbuscules is a network of hyphae that pene-
trates between root cells and plasmalemma. Arbuscules help transport of nutrients
to plant cells, especially P elements. In the root cells, the hyphae also form vesicles,
small bubbles (granules) in the cytoplasm that contain lipids as a means of asexual
reproduction of mycorrhizae. The vesicle plays a role during the reproduction, and
when cells are ruptured at damage [2, 3]. Arbuscular mycorrhizae fungi (AMF)
have very wide distribution in terrestrial ecosystems in terms of host plants,
climate, and soil types [4]. Mycorrhizal infections will change the morphology
of plant roots and nutrient absorption. This because their structures ensure the
physical expansion of roots and absorption of nutrients from the soil and increase
the flow of nutrients to plants [2, 3].

59 IntechOpen



Mycorrhizal Fungi - Utilization in Agriculture and Forestry

The role of mycorrhizae becomes important in sub-optimal land, dry land
and for sustainable agriculture. Utilization of mycorrhizae, especially for plant
growth, soil fertility and mitigation of drought stress by heat and climate
change. Mycorrhiza becomes a component of future technology for sustainable
agriculture [5, 6].

Mycorrhizae in agricultural land, especially sub-optimal land, functions to
reduce soil erosion and leaching of nutrients. This condition is caused by the faster
nutrient cycling mechanism. Besides, the absorption of nutrients is more due to the
higher root surface area, which causes long-term soil fertility or soil productivity
[5-7]. The presence of mycorrhizae in sub-optimal dry land of plantation crops is
useful for renaturation and afforestation, namely stabilizing degraded land and
eroding the soil surface [8]. In areas with high rainfall, plants in symbiosis with
mycorrhizae also increase ecosystem repair by reducing the leaching of elements in
the soil. Mycorrhizae will suppress the loss of nitrogen (N) and P elements by 40%
and 50%, respectively in soil [9].

Mycorrhizal inoculation is important in dealing with drought stress and
preparing plants for good growth in the field. Treat mycorrhizal inoculation on
plantation seedlings to produce plants that have better root morphology and plant
growth. These include root surface area in early coconut growth [10], root length,
root diameter, root dry weight, and root dry weight ratio, root surface area, and
shoot growth of sugarcane seedlings [11]. Likewise, mycorrhizae play a role in
accelerating the growth or emergence of secondary roots in sugarcane seedling
[12]. Mycorrhizae also appeared to have a significant role in increasing the growth
of forest plant seedlings in the nursery, the increase in leaf chlorophyll content,
photosynthesis rate, NPK content in root, stem and leaf compared to plants without
mycorrhizal inoculation [13].

Thus mycorrhizal inoculation in plantation crops is needed as an effort to
mitigate environmental stresses, both drought and high rainfall. In addition, the
impact of mycorrhizal inoculum will increase the nutrients cycle in the soil, prevent
excessive leaching of nutrients so that it plays a role in afforestation. In mycorrhizal
inoculation, the inoculation time and dose are important. The optimal time of
mycorrhizal inoculation is plantation seedlings in the nursery which will increase
their colonization by 46% compared to field application [14].

The inoculation of mycorrhizae on seedlings of seedlings is expected to increase
the morphological performance and plant physiological performance for early
growth and morphological properties, increase the adaptive ability of plants to
environmental stress. Based on the above, there are several important benefits for
using mycorrhizal inoculation in the nursery of industrial plants.

2. Determinants of colonization and colonization patterns of plantation
seeds

Before the inoculation of AMF on plantation seeds, it is necessary to know
the determinants of colonization and the pattern of colonization. According to
Sieverding [15], the process of colonization or infection progresses through 6
stages, namely: (1) pre-infection, at this stage, the spores are not yet active and
AMF hyphae are in the soil; (2) penetration of the fungus to the roots. (3) arbus-
cules and vesicle formation. Arbuscule is formed after 2-5 days from penetration
in the form of a strong band of hyphae growing around the cell plasmalemma. The
vesicle at the tip of the hypha consists of lipids and fungal organs; (4) fungal elon-
gation in roots and rhizosphere; (5) Spread of fungi to the soil. Hyphae grow out of
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the roots. The hyphae in the rhizosphere form the “external mycelium”; (6) culture
of AMF structures into the form of resting spores on the external mycelium.

The elongation of fungi in the roots and rhizosphere consists of 3 stages, namely
(a) slow phase, when infection to the target roots begins; (b) an exponential growth
phase, maximum at 40 days after infection; (c) slowed growth phase, “plateau
phase” balance [15]. Meanwhile, according to the observations of Sulistiono et al.
[14] the colonization of sugarcane seedlings will experience a sharp increase at the
age of 5-10 days after inoculation, then it will be constant at the age of 10-30 days
after inoculation. An interesting point was also conveyed by Sulistiono et al. [14]
that the tendency of AMF inoculation of sugarcane seeds in the nursery would
result in higher colonization than inoculation carried out in the field when sug-
arcane at the age of 1-9 weeks after transplanting. However, after 9 weeks of age,
the colonization rates of the two differences in inoculation time were similar. This
indicates an equilibrium point for colonization or the development of infection at
the root (Figure1).

From the results of Figure 1, it shows that AMF inoculation in the nursery has
several advantages, including:

1. Accelerate colonization when transplanting in the field
2.The AMF inoculated seeds has better growth of roots and shoots of plants

3.1t has better adaptability to environmental stresses in the form of soil moisture
and low nutrients, and diseases

4.Easy to apply

The higher colonization at the early growth of sugarcane was due to the effect of
inoculation time which was applied in the nursery. AMF has infected and further
developed which arbuscule and vesicle structures have formed [15] In the nursery,
the colonization was optimal at 10-30 days after inoculation [12]. This is charac-
terized by the formation of vesicules and arbuscules. The arbuscules and vesicles
forms indicate symbiosis has occurred. This is because arbuscule are used for the
transportation of nutrients from AMF to the root cells of host plant, especially P
and vesicles are the reproductive organs of AMF and as a food reserve. One of the
vesicles or arbuscules on the roots of sugarcane in the nursery as in Figure 2.
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Figure 1.
The pattern of AMF colonization at different inoculation times.
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Figure 2.
Colonization on sugarcane bud chips at the age of 10 (A) and 20 days after inoculation (B). Hi: Hyphae;
V: Vesicles. Scala bar: 10 pm. Objective 10x.

Therefore, AMF inoculation at seedling time results in an earlier infection
growth process. This is indicated by the presence of hyphae structures since the age
of 10 days after inoculation and vesicles at the age of 10 days after inoculation [12].

In the next stage, after the AMF structure is formed, it will accelerate the growth
of secondary roots in sugarcane seeds, which was significantly different from the
control (without inoculation) (Table1).

Secondary roots in sugarcane seedlings are bigger roots and have a role to sup-
port the plant’s upright and optimal absorption of nutrients. Thus, AMF inoculation
in the nursery has the potential to increase plant growth (sugarcane) after trans-
planting. This is due to an increase in the number of secondary roots that are larger
in diameter and also stronger [12].

Seeds/seedlings that have been inoculated with AMF in the nursery will have
better growth properties in terms of leaf area, chlorophyll content, photosynthesis
rate, and stem biomass in post-transplanting sugarcane seeds. This is because the
application of AMF in the nursery increased the colonization by 41.3% at 7 days
after transplanting and had the effect of increasing stem biomass from 11 to 61%
(depending on sugarcane variety). This condition shows that there is a positive
correlation between the rate of colonization and the weight of stem biomass,
namely r = 0.54 [14].

AMF inoculation since seedling in forest plants (Gleditsia sinensis Lam) was also
reported to increase seedling height, stem diameter, dry weight of seed biomass,
chlorophyll content, photosynthetic rate, and NPK content in root, stem, and leaf
tissue [13]. Likewise, inoculation of AMF in nurseries on tropical plant seeds was
also reported to increase plant height, root diameter, and biomass [16] as well as N
and P content of seedlings and root dry weight in forest plant seedlings [17].

AMF inoculation in perennial/industrial plant nurseries aims to prepare condi-
tions for optimal growth factors, early symbiosis in the rhizosphere. This is because
in 7-10 days the AMF structure has been formed, namely hyphae, vesicles, or arbus-
cule (Figure 2) [12]. With this difference in root symbiosis, plants can grow more
optimally, uniformly, and faster. In this condition, it will provide an opportunity for
healthy seed selection before transplanting in the field.

In the AMF inoculation treatment in the nursery, the things that need to be
considered are the inoculum dose and the variety response. For plantation crops
such as sugarcane, the optimal inoculation of AMF as much as 2 g of inoculum/
seed or 7.8 spores/seedlings. This treatment resulted in significant root growth
characteristics, shoot: root ratio and leaf P concentration compared to control [12].
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Doses of AMF (g/seeds) Number of secondary roots
0 1.60b

1 2.80 ab

2 4.00a

3 395a

Remarks: Different letters in same column vepresent significant differences by Duncan’s multiple range test at 5%
level.

Table 1.
The effect of AMF doses level on number of secondary roots at the age of 40 days after inoculation and sowing.
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Figure 3.
Mycorrhizal dependence on several varieties of sugarcane.

The application of AMF inoculum is attempted in an optimal amount, in the right
dose. The application of a higher dose will cause it to be less economical for a larger
scale/volume.

AMF inoculation of industrial plant seedlings in the nursery needs to consider
several limiting factors so that the colonization rate is optimal. Environmental
factors are prepared since in the nursery. Environmental factors that determine
the level of symbiosis with AMF, namely: (1) Light. Konvalinkova and Jansa [18]
reported that the decreasing light intensity will decrease mycorrhizal growth
(AMF) and decrease P transfer by AMF to host plants. This is because the avail-
ability of an energy source in the form of carbon is not sufficient for AMF and
plant symbiosis. The light intensity which is only below 65% of a full-beam with
14-84 days shading time decreases the development of AMF in the root transfer of
P elements from AMF to the host plant [18]. (2) soil temperature. The optimal soil
temperature for AMF symbiosis with host plants is 20° C as indicated by the per-
centage of arbuscules and vesicles. An increase in temperature of 23-30° C causes a
decrease in the arbuscules and vesicles formation [19]. (3) Elemental content of P,
The addition of P into the soil showed a decrease in the percentage of mycorrhizal
colonization [20]. (4) Host plants. The host plant is in the form of age, species, or
variety [20, 21]. Different types of varieties respond to mycorrhizal inoculation as
presented in Figure 3.

Figure 3 shows that genetically different varieties (sugarcane) have different
mycorrhizal response [22]. These results can be used as the basis for selecting
varieties for transplanting in the dry land. It can be concluded that:

63



Mycorrhizal Fungi - Utilization in Agriculture and Forestry

1. Mycorrhizal inoculation to increase root and shoot growth
2. Preparation of a nursery that supports the symbiosis of AMF with plants
a.Adjustment of nursery shade for colonization activities
b.Setting the temperature of the media and nursery room for colonization
c.Regulation of nutrient content, especially soil P, it should not excess.
3. Transplanting mycorrhizae inoculated seedlings for sustainable
agriculture at adverse conditions

Mycorrhizal inoculation in plantation crops aims to promote good early growth
and tolerate environmental stresses. A report shown that AMF inoculated seedlings

Figure 4.
The structure of arbuscules and vesicles and hyphae formed at the roots of plants infected with mycorrhizae.
Field observations.
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were then transplanted had increased leaf nitrate reductase activity (NRA) and root
surface area in early coconut growth [10].

The increase in colonization with the formation of arbuscules and vesicles in
early plant growth indicated that the symbiosis was optimal (Figure 4) [14]. This
condition causes the host plant to obtain P elements from AMF transfer, more
nutrient uptake by hyphae elongation and plant root structure, thus the plant
experiences more optimal growth. Planting mycorrhizal inoculated plant seedlings
is to increase nutrition in plants, especially P in cropping area [8], reduce nutrient
loss due to leaching [6] so as to support sustainable agriculture [3, 8].

More stable nutrients available in mycorrhizae inoculated plant area resulted in
increased soil productivity. Many nutrients are bound by the AMF structural system
because there is a glomalin system. Glomalin as a glycoprotein forms chelates with
inorganic P. Besides, the hyphae structure is more abundant which can directly
absorb more nutrients, especially P [6]. Thus the AMF mycorrhizal inoculation
treatment is a mitigation measure against climate change so that plants will continue
to grow and survive.

4, Conclusion

AMF inoculation on seedlings is increased the root and shoot growth as well as
increased the colonization. The nursery location is adapted for AMF growth and
symbiosis. Plants infected with mycorrhizae had better growth (roots and shoots)
ability after transplanting the seedlings. Besides that, it can reduce nutrient loss and
maintain soil fertility so that it is an effort to mitigate climate change.
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Chapter 6

Assessment of Biocontrol Potential
of Arbuscular Mycorrhizal
(Glomus spp.) against
Damping-otf Disease (Rhizoctonia
solani) on Cucumber

Baker Diwan Getheeth Aljawasim, Hussein M. Khaeim
and Mustafa A. Manshood

Abstract

Rhizoctonia solani is one of the most important causative agents of damping-off
diseases on cucumber plants and significantly reduces their yield. R. solani possesses
some characteristics, such as wide host range and unlimited survival in soil, which
made it most difficult to control. Therefore, the research for a biocontrol agent will
be valuable to control this disease. Two species of mycorrhizal fungi (Glomus mos-
seae and Glomus clarum) that were evaluated against the agent R. solani reduced the
damping-off disease on the cucumber plant. Mycorrhizal-inoculated plants with
both species showed a significant reduction in disease severity (DS), which were
21 and 25%, respectively, whereas the disease severity was 65% for non-inoculated
plants. Furthermore, the effects of mycorrhizal fungi were evaluated against the
growth parameters of cucumber plants. Plants inoculated with both species of
mycorrhizal fungi showed a significant increase in both shoot dry weight and root
dry weight compared with uninoculated plants. In conclusion, both mycorrhiza
species could be an important tool to control soil-borne pathogens, increase plant’s
nutrients’ absorption, and increase resistance to abiotic stresses.

Keywords: biological control, Rhizoctonia solani, arbuscular mycorrhiza, cucumber,
damping-off diseases

1. Introduction

Rhizoctonia solani Kiihn, the causative agent of damping-off disease in a variety
of crop plants such as cucumber, is an economical important soil-borne pathogen
[1, 2]. R. solani fungus is considered as a difficult pathogen to control due to several
characters such as the great variability in the pathogen population, a wide host
range, and long-term survival in soil [3]. Further, some cultural practices including
the crop rotation, sanitation, and soil solarization with R. solani are not sufficiently
effective because the pathogen is able to survive for many years in soil. The applica-
tion of chemical pesticides, mainly methyl bromide, is the most reliable method to
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control R. solani; however, it causes serious risks including polluting the air, damag-
ing the environment, building fungicides’ resistance of pathogen, and harming the
human health [4, 5]. Therefore, the biological control method becomes an impor-
tant component of the disease management to increase crop production and food
safety [6].

The biological control becomes an important target of many researchers in the
field of biological and agricultural sciences [5]. Biocontrol agents use different
mechanisms of action against fungal pathogens, such as antimicrobial compound
production activity, mycoparasitism or hyperparasitism, cell wall-lytic enzyme
activity, and the application of systemic resistance (ISR) activity [7]. In addition,
some biocontrol agents are capable of improving some aspects of plant growth, such
as the germination rate, shoot and root weight, nutrients’ uptake, and yield [8].

Arbuscular mycorrhizal (AM) fungi have been known to form a symbiotic
relationship with around 80% of vascular plants. The symbiotic relationship can
provide the plant with many benefits, including enhancement of plant growth and
germination rates, increasing supplement of water and nutrients [9, 10]. In return,
the AM fungi are completely dependable on the nutrients that are coming from the
living root system [9]. In addition, AM fungi have been known to increase the host’s
resistance to a wide range of fungal and bacteria pathogens, especially rot patho-
gens [11]. The aim of this study was to examine the influence of different species of
arbuscular mycorrhizal (AM) fungi (Glomus spp.) to promote systemic resistance
against the disease agent of damping-off disease (R. solani Kithn) on cucumber
(Cucumis sativus L.).

2. Materials and methods

Infected samples were brought from cucumber plants with wilting, yellow-
ing, and dwarfing symptoms from a field related to the College of agriculture,
University of Al-Qadisiyah. The plants were washed with sterilized water to remove
soil residues and were cut to small pieces. Then, the samples were sterilized with
sodium hypochlorite (NaCIO) 1% for 2 min, washed with sterilized water twice,
and dried with filter papers. Nine petri dishes of potato dextrose agar (PDA) were
inoculated with five pieces of the infected plants and incubated for 3 days at 25°C.
Soil samples were diluted for pathogen isolation and the petri dishes were incubated
at 27°C. Both plant and soil samples were kept in a refrigerator at 4°C and diagnosed
using classification keys [12].

Isolated pathogens were stored at 4°C prior to analysis and incubated at 25°C for
3 days. From the colony edge, four populated agar disks (7 mm) were cut and mixed
in a 250 ml flask containing 100 ml of potato dextrose broth and 25 mg of chloram-
phenicol [13]. Sterilized soils were separated on each pot (3 kg) and inoculated with
1 ml from pathogen broth culture, and sterilized water was used for the control.
Then, all pots were irrigated and covered for 3 days. Cucumber seeds were disin-
fected with sodium hypochlorite (NaCIO) 1% for 4 min and were planted in each
pot. Germinated, not germinated seeds, and collapsed plants were recorded after
7 and 10 days for planting, and disease intensity was calculated as recommended
[14]: 0 = no symptoms; 1 = seed rot, not germinated; 2 = brown rot on the stem
base, plant is still standing; 3 = plant is wilted, laying on the ground; and 4 = plant is
dead. DS was calculated from disease grades 0-3 using the following formula [15]:

DS=MX100 (1)
N=*X
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where DS = disease severity, f = infection class frequencies, » = number of plants
of each class, N = total of observed plants, and X = highest value of the evalua-
tion scale.

Cucumber seeds were surface-sterilized using 0.2% NaCIO for 2 min and
rinsed several times with distilled water. Arbuscular mycorrhizal (AM) fungi were
obtained from the Iraqi Ministry of Sciences and Technology’s laboratory. This mix-
ture consists of propagated units of Glomus clarum (Nicol. Schenck) and Glomus
mosseae (Nicol. Gerd) in a suspension form (1 x 10° unit L™! concentration). Glomus
spp. were identified and separated in two tubes by the experts at Iraqi Ministry of
Sciences and Technology’s laboratory. Six healthy seeds of cucumber were planted
in each pot (25 cm in diameter), which contained 3 kg of sterilized soil (clay:sand,
2:1, v/v) into each pot. For mycorrhizal inoculum, each pot was inoculated with
dilution of 5 ml of either Glomus clarum or G. mosseae/L™" water twice at the begin-
ning of cultivation and after 14 days. As controls, the pots were provided with no
AM + no pathogen, AM only, and pathogen only. For the pathogen inoculum, 5 ml
of spore suspension (R. solani) was added at the beginning of cultivation. Six treat-
ments were conducted as the following: Glomus clarum, G. mosseae, G. clarum +
R. solani, G. mosseae + R. solani, control, and control + R. solani. Four replicates were
made for each treatment. In this study, all plants did not receive any fertilizer and
were watered when necessary at outdoor conditions. The disease severity for each
treatment was monitored and estimated as mentioned above [16].

When the plants emerged above the soil surface, five plants were harvested
from each treatment after 5, 10, 15, and 20 days. The plants were washed with tap
water to clean off soil particles. Fresh and dry weights were evaluated and recorded
after drying the samples by a hot air oven at 60°C for 48 h until gaining constant
weight [17].

3. Results and discussion

Five pathogens were isolated form the infected plants and soil. The fungal
identification was performed according to the morphological characteristic as
previously reported in literatures [18, 19]. Among five isolated pathogens, R. solani
showed the highest disease severity (DS) on cucumber plants, which was about
63%, while Penicillium spp. showed the lowest disease severity (DS), which was
about 8% (Figure 1). Therefore, R. solani was the most aggressive pathogen due to
the suitable environment condition, and the availability of susceptible hosts and
was used for all subsequent studies.

The effect of AM fungi against R. solani on cucumber plants was studied by
the inoculation of cucumber plants with the AM, G. mosseae + G. clarum, which
showed a significant reduction in the disease severity of damping-off compared
with control (Figure 2). Disease severity (DS) of mycorrhizal plants was reduced
by 46% and 41%, respectively. Furthermore, inoculated plants with mycorrhiza
showed fewer symptoms compared with non-mycorrhizal plants. Disease severity
in AM-inoculated plants with G. mosseae was about 20%, which was slightly less
than AM-inoculated plants with G. clarum (Figure 2).

The effect of AM fungi on the growth parameters of cucumber plants was
assessed by shoot dry weight and root dry weight. AM fungi-colonized plants had
significantly increased shoot and root dry weights when compared with the non-
mycorrhizal plants (Table 1). Cucumber plants, colonized with AM (G. mosseae),
showed a slight increase in all growth parameters compared with the plant colo-
nized with AM (G. clarum), which matches with our results on the DS experiment
(Table1).
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Figure 1.
Pathogenicity test for isolated pathogens against damping-off diseases on cucumber. Each column represents the
mean of five replicates. Bars on the pillars vepresent standard ervor and LSD = 5.73 (P = 0.01).
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Figure 2.

Evaluation of arbuscular mycorrhizal (AM) fungi on the disease severity of damping-off diseases on cucumber.
Each column vepresents the mean of four replicates. Bars on the pillars represent standard evror and LSD

(P = 0.01).

Mycorrhizal fungi are considered as ideal biocontrol agents due to some charac-
teristics such as the ability to form a mutualistic symbiosis relationship with the roots
of most vascular plant species [20]. Moreover, the plant-mycorrhiza relationship ben-
efits the plant not only to control soil-borne pathogens but also to enhance the plant’s
resistance to various abiotic stresses and increases the nutrients’ absorption [21].

In the present study, inoculated plant with mycorrhizal fungi reduces sig-
nificantly the disease severity of R. solani pathogen, which may be attributed to
increase the nutrients’ status, reduce the direct competition for root space and
resources with the pathogen, induce the plant’s immunity to involve certain sys-
temic mechanisms such as the systemic acquired resistance (SAR) and cell wall
defenses, and enhance the production of defense compounds such as phenolics,
-1,3-glucanase, and chitinolytic enzymes [9]. Additionally, inoculated plants with
mycorrhizal fungi (G. mosseae) showed a lower disease severity than G. clarum,
which may lead to a potential active control tool. Furthermore, the inoculation with
mycorrhizal fungi increases both the root dry weight and shoot dry weight, which
supports our hypothesis.

Mycorrhizal fungi play a main part in plant defense against pathogens and form
a mutual relationship with plants. In summary, both mycorrhiza species could be
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Treatment Shoot dry weight (g/plant) Root dry weight (g/plant)

5 10 15 20 5 10 15 20

days days days days days days days days
Control 0.5 0.8 0.9 11 0.2 0.4 0.7 0.9
Control + R. solani 0.1 03 04 0.5 0.08 01 0.2 03
Glomus clarum 04 0.6 0.7 12 0.15 03 0.6 0.8
G. mosseae 0.6 0.7 0.8 11 0.2 04 0.7 09
G. clarum + R. solani 0.3 0.5 0.6 0.9 0.15 0.2 0.5 0.6
G. mosseae + R. solani 04 0.6 0.8 1 0.2 0.3 0.6 0.7
Table 1.

Evaluation of AM fungi on the growth parameters of cucumber plants.

an important tool to control soil-borne pathogens, increase plant nutrient absorp-
tion, and increase resistance to abiotic stresses. In future research, specific systemic
mechanisms of mycorrhiza fungi against pathogens should be investigated more.
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Chapter7

Native Arbuscular Mycorrhizal
Fungi and Agro-Industries in Arid
Lands: Productions, Applications
Strategies and Challenges

Bencherif Karima and Therrafi Samia

Abstract

Bio-fertilizers based on mycorrhizal fungi represent a natural way to enrich the
soil in respect of environmental balance. Arbuscular mycorrhizal fungi (AMF) are
the most common symbiotic association between terrestrial plants and microor-
ganisms, which are known to improve plants development and growth, especially
under stress conditions. The potential for application of AMF in agricultures is
an agro-ecological approach to allow better use of soil nutrient reserves. That
receives increasing consideration for their prospective application for sustainable
agriculture. The present chapter aims to highlight the agro-industrial strategy of
AMF bio-fertilizers production explaining agronomics, ecological and economic
approaches and benefits. This study aims to focus on the importance of production
of bio-fertilizers based on indigenous AMF strains and their role in improving soils
enrichment, which will subsequently lead to improved production and agricultural
yields on degraded arid soils.

Keywords: degraded areas, native inocula, industrial production strategies,
agro-economic benefits, conventional method

1. Introduction

Soils are considered as a dynamic system that contains varieties of microorganisms
such as bacteria, actinomycetes, and fungi [1]. According to this richness in micro-
organisms, the eco-biological value of soil is considered. Whereas, maintaining this
favorable soil microflora is very important for soil sustainability [2].

In the other hand, arid lands constitute about 35% of world land areas and are
characterized by rainfall insufficiency, higher temperatures and evapotranspira-
tion, lower humidity, and a general rareness of vegetation cover [3]. In return,

a large mass of world’s population lives in these areas, which it is imperative to
nourish them. They practice livestock grazing and irrigated agriculture that

they try to modernize in order to obtain the best yield. However, the agricultural
techniques used in recent decades (use of large quantities of chemical inputs, soil
compaction, etc.) which have caused in addition to soil degradation the decrease or
even elimination of certain beneficial microorganisms from most cultivated soils,
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which has contributed to the loss of productivity of these soils [4]. This destitution
requires regular additions in order to revitalize the soil and restore its productivity
[2]. But what type of fertility for the soil? In agronomy, the notion of fertilization
includes application of various chemicals products such as NPK chemical formula-
tion, pesticides and herbicides, which further degrade the soil and reduce their
duration [5]. In fact, modern agriculture are based on heavy usage of chemical
fertilizers and harmful pesticides on the crops, with destruction of sustainability
of the agricultural systems, cost of cultivation soared at a high rate, income of
farmers stagnated and food security and safety became an intimidating challenge
with considerable reduction in soil health [6]. In the best of cases where there is an
interest in ecological stability, animal and plant waste is applied to fertilize the soils
[5]. Recently bio-fertilizers notion begins to emerge. Bio-fertilizers are biological
fertilizers based on symbiotic microorganisms. They are mainly divided into two
groups: bio-fertilizers based on symbiotic bacteria and bio-fertilizers based on
mycorrhizal fungi [7].

Bio-fertilizers are biological fertilizers based on plant symbiotic microorgan-
isms, they are defined as a substance composed of living microorganisms which
when applied to seed, plant surfaces, or soil colonizes the rhizosphere or the inte-
rior of the plant and promotes growth by increasing the availability of primary
nutrients to the host plant [6]. Usually, the bio-fertilizers are mainly divided into
two groups: bio-fertilizers based on symbiotic bacteria and bio-fertilizers based
on mycorrhizal fungi. Moreover, the presence in nature of bacteria solubilizing
mineral elements is exploited; they are cultivated and used as a bio-fertilizer [4].
Furthermore, mycorrhizal fungi bio-fertilizers are divided on two types depend-
ing on the fungus itself; there are bio-fertilizers based on ectomycorrhizal fungi
and bio-fertilizers based on arbuscular mycorrhizal fungi. Arbuscular mycor-
rhizal fungi (AMF) promote a significant increase of the area of root absorption
of plants colonized, maximizing the use of water and nutrients [8, 9]. These
symbiotic fungi enhance plant resistance to water stress, to high temperatures,
improve resistance to conditions of toxicity and acidity of soil and to divers’
type of pathogens [8]. In addition to soil stabilization in the form of aggregates
[9]. AMF are known for their positive effects on phosphorus assimilation by the
mineralization of organic phosphorus and solubilization of insoluble phosphorus
[10]. In spite of their potential and benefits, the large-scale use of AMFs is still
restricted, mainly due to the deficiency of availability of inoculant in high quan-
tities, low cost and high quality, besides the lack of practicality of inoculation in
the field [9, 11]. Their efficiency is also questioned by some authors [12, 13], who
claim that AMF indigenous community promotes greater root colonization than
the addition of commercial inoculants. In this context, the present study, aims to
lift the veil on bio-fertilizers based on arbuscular mycorrhizal fungi to amelio-
rate agriculture in arid lands, their agro-ecological roles, technic of production
and the challenges of possibility of installing a bio-fertilizer production unit in
these areas.

2. Importance of arbuscular mycorrhizal fungi bio-fertilizers

Arbuscular mycorrhizas are the most common underground mutualistic
symbiosis relationship [8]. They are considered as obligate biotrophic organisms
that live in the metabolically active roots of terrestrial vascular plants, epiphytes,
rhizoids and stems of bryophytes [1-8, 14]. Studies showed that AMF exists 460
million years before first plants originated [2, 15]. They form a mutualistic sym-
biosis between AMF, belonging to the Glomeromycotina sub-phylum, and 80%
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of land plant species [8]. AMF are endophytic fungi with intra-radical hyphae
that penetrate inside cortical cell and/or the root epidermis [7]. During this
fungi and plant interaction, dialogues at molecular level take place, which result
in host’s metabolic modifications, protection against environmental stresses, and
providing friendly conditions to symbiont (fungi) [2]. Arbuscules are formed by
endomycorrhizal hyphae within the plant cortical cells and are highly branched,
and mature arbuscules have short life and survive for 4-5 days. Arbuscules are
considered as functional site for nutrient exchange [8]. These fungi benefit their
hosts by increasing the uptake of nutrient elements (especially P) and enhanc-
ing the resistance to biotic or abiotic stresses [1, 7]. So far, a large number of
publications demonstrated that AMF are an important regulator of the plants
performance in different stressed environment (Table 1) such as heavy metal
contained soils [20, 22], saline soils [13-15, 18, 20, 22, 23], soil subjected to
drought stress [24]. AMF are also identified as regulator of biotic stress [21].
AMF association with plants not only improves plant growth but also improves
soil texture by changing soil particles into stable aggregates that ultimately
resists against wind and water erosion [15]. Mycorrhizal association is also
helpful to introduce new plant species in new areas, occurring them ability to
survive in a new environmental conditions [23]. Moreover, colonization of root
by AMF can arise three sources of inoculum: spores, infected root and hyphae,
collectively termed propagules [8].

As well as, with the emergence of sustainable development context the
application of AMF bio-fertilizers starts to widen. It is assumed therefore, that
the judicious use of these natural inoculants can reduce the need to amend soil
with chemical fertilizers, thus increasing the viability of sustainable agriculture
[15, 18]. Figure 1 illustrates the role played by arbuscular mycorrhizal fungi in
plant life cycle.

Thus selection of inoculum source constitutes an important parameter for the
plantation successful. In fact, the response of AMF to abiotic stresses divers on
the level of fungal species or ecotype; it was proven that indigenous strain occurs
more beneficial effect into mitigates divers abiotic stress such as water defi-
ciency, saline stress and heavy metals conditions by enhancing the active absorp-
tive surface area which ultimately stimulates the uptake of water and nutrients
[13-15, 20, 22, 23].

Sugar

AMF cell * Plant cell

H:0+ minerals

Photosynthesis

AMF improve plant
enzymatic exchanges

AMF stimulate
plant defense genes

throughout biotic P I Structural stability of
pathogens DINUEED FO0 soil improved

Soil

Figure 1.
Role and importance of AMF symbiosis in plant life.
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3. Production of arbuscular mycorrhizal fungi bio-fertilizers

The commercial history of bio-fertilizers began with the launch of ‘Nitragin’
by Nobbe and Hiltner, a laboratory culture of Rhizobia in 1895, followed by the
discovery of Azotobacter and then the blue green algae (BGA) and a host of other
micro-organisms. Azospirillum and Arbuscular mycorrhizal fungi are fairly new
discoveries [6]. Industrial manufacturing of AMF as crop inoculants is relatively
new and, despite the practical demonstrations of their efficiency, their adoption
by crop producers has been slow, most likely due to the quality and efficiency of
marketed products [11]. In fact, production of previously selected AMF for their
use as bio-fertilizers began in the decade of 1990 in a large part of the world [25].
Few companies throughout the world have manufactured and commercialized AMF
inoculant using either a single AMF species or mixtures of AMF species that may
include plant growth promoting rhizobacteria (PGPR) or other symbiotic and/or
biocontrol fungi [11].

The production of inoculum differs from fungi family to another. Arbuscular
mycorrhizal fungi are strict obligatory symbionts, they dependent on the presence
of a host plant to accomplish their development and their multiplication. The inocu-
lum producer is then required to co-cultivate the “fungus-host plant” complex.
Without the use of host plants it would be impossible to complete the mycorrhizal
life cycle until the production of new propagules/spores [7]. In addition to this
monosporic inoculant, it is possible to produce inoculant with different native spe-
cies with greater ease and speed [7]. In comparison with the commercial inoculant,
it has a low cost, higher taxonomic diversity, and the use of locally adapted species
[25, 26], which increases the chances of positive effects on the plant and avoid the
introduction of exotic species [27]. The use of AMF inoculant produced from the
forest soil is the most reliable and recommended method because of its high species
diversity, the potential to accelerate the ecological restoration of the soil environ-
ment and to promote the germination and growth of the plants [9, 25-27].

3.1 Conventional method of AMF bio-fertilizers production

This method consists on AMF multiplication on pot culture with selective host
plant under controlled conditions in a greenhouse or in a grow room [7].

3.1.1 Mixture of AMF species bio-fertilizers production

Native soil sampled from different plots of same natural sites must be mixed
together to create one composite sample. The obtained mixture was distributed into
pots (500 mL disposable cups) which were sown with trapping plant aiming to mul-
tiply and restore infective structures of the AMF species present in the trap cultures
[27], and then kept in a greenhouse for four month. Two plant species are com-
monly used for trapping culture: cover “Trifolum repens” and leek “Allium porrum”
[7, 271, But use of other legumes is also permitted such as Alfalfa “Medicago sativa
[13] Brachiaria sp. [27]. Once the four month over, the areal part of plants is catted
and the soils are mixed with roots for preparing a new plantation for other four
months. Simultaneously, at each month, one pot of each plot was taken for analy-
sis, using 50 g of soil for AMF spore isolation and identification and the roots for
evaluation of the mycorrhizal colonization rate [26, 27]. A minimum of 12 months
is required to obtain a good product, but the ideal is 24 months [13, 20]. Therefore,
the obtained inoculums consist of different types of propagules: spores, fungal
mycelium and fragments of mycorrhizal roots [7]. Multi-species products are closer
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to natural conditions because in ecosystems it is rare to encounter only one species
of mycorrhizal fungus. The presence of several fungal species allows the inoculum
to respond to a greater diversity of culture conditions.

3.1.2 Monospecific AMF species bio-fertilizers production

Production of monospecific AMF bio-fertilizer is based on the use of one selec-
tive AMF spore species isolated from natural soil using wet saving method [28],
and cultivated on trapping culture with appropriate plant species on pot culture of
15 cm. Three months are needs to obtain AMF multiplication. Verification of AMF
sporulation must be done each 20 days to one month. At same sanitary tests can
also be performed to ensure that no contamination by parasitic fungi or sporula-
tion of other AMF species has occurred. After four months, monospecific spores
are ready for inoculation on seedlings of desired crops. In fact, [29] reported that
Rhodes grass (Chloris gayana) is the best host for mass multiplication of Glomus

fasciculatum. Bahia grass (Paspalum notatum) was used for multiplication of Glomus
deserticola [27].

3.2 In vitro technic of AMF bio-fertilizers production

In vitro technic is an aseptic multiplication of AMF on roots cultivated on
synthetic medium under sterile conditions. However, this technic started with
the early work of [30], and subsequent development by [31, 32] and just after
by [33], these authors developed the monoxenic cultivation system to produce
contaminant-free AMF, allowing the realization of large-scale production under
strictly controlled conditions [34]. The In vitro production of AMF bio-fertilizers
consist on the extraction of potential viable propagules from soils with surface
sterilization before optimization of growth conditions for germination under
aseptic conditions. This aseptic technic consists on cultivation of number of
AMF species in association with transformed host roots on synthetic growth
medium [33]. Chabot et al. [35] established cultures from surface sterilized spores
as starter material and produced 750 spores in 30 ml medium after a period of
4 months of growth in a mono-compartmental petri plate system. This is fol-
lowed by the association of the propagules with a suitable excised host root for
propagule production and recovery. Another system of in vitro AMF multiplica-
tion was developed by St Arnaud et al. [36], they used a bi-compartmental Petri
plate system and obtained 15,000 spores in 3-4 months. Douds [37] improved this
bi-compartmental system by replacing the medium in the distal compartment by
fresh medium at regular intervals and obtained 65,000 spores in the distal side of
the bi-compartment in a period of 7 months [34]. This technic of bi-compartment
petri plate permitted to produce more than 250,000 propagules in 10 ml of
medium, which made this technology attractive for industry. However, many
process controls must be done to reduce the level of contamination, what should
not exceed 3-5% [7, 34]. Once the AMF product is obtained; mass-produced
propagules are then formulated in an utilizable form and stored before application
to the target plant [7-34, 37]. This technic facilitates the efficient utilization of
space and energy in the production system, using solid-state fermentation. Since
the technology is more dependent on personnel, it lowers the number of man-
days and achieves higher productivity [34].

The use of this technology remains useful for in vitro laboratory tests, but the
mycorrhizal inoculum thus obtained (artificial environment on genetically modi-
fied roots) is not suited to applications in the agricultural field, providing overall
unsatisfactory results [4].
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3.3 Production of arbuscular mycorrhizal fungi bio-fertilizers in arid lands

Both conventional method and in vitro methods are practiced in arid areas to
produce AMF bio-fertilizers. Several researches was focused on the increasing
of plant production in arid land using AMF inoculum (Table 2), conventional
method with AMF mixture was the most important technic of production
adopted. Nevertheless, in vitro technic was also practiced such as by the energy
and resource institute of India (TERI) [34]. They based on the faculty of Glomus
genus to provide the possibility of using colonized roots as inoculum material with
up to 80% of root colonization attained at 4 and 12 weeks [34, 39]. Despite, arid
lands are often localized in underdeveloped country with low economical budget
who cannot afford to allot enormous amounts in order to produce bio-fertilizers,
so the conventional method remains the most appropriate technique under these
conditions. In addition ecological conditions of arid lands give them specific char-
acteristics that are not accommodating with all AMF strain. For that production of
native AMF bio-fertilizers adapted to local conditions and to specific abiotic stress
is essential [13]. Labidi et al. [39] developed a native AMF bio-fertilizer adapted to
calcareous arid Tunisians soils. Abdelsalam et al. [38] produced AMF inoculum of
desert saoudian areas using Sorghum halepense as trapping plant. Bencherif et al.
[13] developed a specific AMF bio-fertilizer for arid saline soils. It is noted that in

Inoculum Specific abiotic Propagule richness Infection References
production stress/zone level
technic
Conventional Drought stress/Saoudian 20 g of Sudan grass 78,5% Abdelsalam
method areas rhizosphere with etal. [38]
950mycorrhizal
sporesand 0.5 g of
colonized roots
Conventional Calcareous/Tunisian Septoglomus 90% Labidi
method areas constrictum, etal. [39]
Funneliformis
geosporum, Glomus
fuegianum,
Rhizophagus
irregularis
et Glomus sp
In vitro method Draught/Tafilalet Rhizophagus 100% Meddich
Morocco irregularis etal. [5]
Conventional Draught/ Glomus sp., 15,91, Meddich
method Tafilalet- Morocco Sclerocystis sp., spores, /gr etal. [5]
Acaulospora sp of soil
Conventional Heavy metal Polluted Acaulospora sp., <50%, Sidhoum and
method soil/Oran- Algeria Archaeospora <20%, Fortas [40]
sp., Glomus sp., <5%,<5%,
Claroideoglomus <5%/g of
sp., Ambispora sp., soil
Diversispora sp
On-farm Drought Rhizophagus clarus 80% Moreira
method and Claroideoglomus etal. [26]
etunicatum
Table 2.

AMF bio-fertilizers produced in arid lands.
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all case, efficiency of AMF bio-fertilizers is related to the better combination AMF
genotype/host plant genotype/adaptation to specific abiotic stress [13, 27].

3.3.1 On-farm method

To have AMF bio-fertilizer produced at a large scale with low cost, studies has
been developed to test the multiplication of AMF spores under field conditions,
called the “on-farm method” These studies explore AMF colonization with strains
isolates that are environmentally adapted to native environmental conditions,
which potentially representing a low-cost alternative for farmers [26, 37]. This
technic is based on sowing plants seeds or seedlings in intact soil cores or mixed
soil samples for sufficient time to allow development of AMF symbiosis and then
roots were sampled, processed and assessed to measure mycorrhiza formation
[26]. Indeed, [41] showed that multiplication on-farm with Rhizophagus clarus and
Claroideoglomus etunicatum grown in agro-industrial residues, such as sugarcane
bagasse, is a good strategy for the multiplication of AMF, leading to excellent inocu-
lum potential and large numbers of spores. As well as, the on-farm technic allows
farmers and nursery workers to access inoculums with the most effective AMF
strains for their culture and their soil and climate conditions; furthermore, they can
produce seedlings already inoculated with adapted AMF strains, which enhancing
their establishment of s in the field conditions. In addition Moreira et al. [26] pro-
duced AMF inoculum with Rhizophagus clarus, Claroideoglomus etunicatum species,
and native AMF from pineapple and coffee plantations, using spores multiplied by
the on-farm method to enhance the growth of pineapple and coffee plantlets. These
authors concluded that AMF inoculum favorite growth of the commercial tested
crops with a high viability of AMF spores. This method is recommended for arid
land due to their specific AMF strain and low coast, it could be applied and gen-
eralized in order to developing agricultural practices in these areas. Furthermore,
because fungi carry different amounts of nutrients for plants, they may affect the
growth of plants differently [37], it is preferable to use mixed AMF strains adapted
to native conditions which could maximize the absorption of limiting nutrients
[26]. This phenomenon could provide more benefits compared to colonization with
exotic AMF strains or with single AMF species. Moreover, the mixed inoculation of
AMF might have the characteristic of complementarity, exploiting the best of each
species that colonizes the plant [26-37, 41].

3.4 Formulation of AMF bio-fertilizers

Formulation technologies largely take care of possible adverse environmental
effects and factors that may render the inoculum ineffective [34]. In fact, bio-
fertilizers are generally prepared as liquid suspension or more generally solid
support containing different types of propagules: spores, fungal mycelium,
mycorrhizal root fragments [7]. Generally AMF bio-fertilizers are presented with
multi AMF species, which are closer to natural conditions; because in natural
ecosystems it is rare to encounter only one species of mycorrhizal fungus. The
presence of several fungal species allows the inoculum to respond to a greater
diversity of culture conditions [13, 39]. Bio-fertilizer support can be composed of
peat, vermiculite, lignite powder, clay, talc, rice bran, granulated rock phosphate,
charcoal, soil, straw compost of rice or wheat otherwise a mixture of these materi-
als. In current practice, for better framework life of the bio-fertilizer formulation,
the support is selected on the basis of the viability of the microorganisms mixed
with them. Likewise, the pre-sterilization of the support and its nutrient enrich-
ment is the other strategy to improve framework, allowing AMF to be maintained
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in a non-competitive microenvironment. Sucrose, maltose, trehalose, molasses,
glucose, and glycerol are additional nutrients and cell-protecting agents commonly
used along with a support to ensure maximum cell viability and extended shelf

life [4, 39]. After production, AMF bio-fertilizer may be in the form of granules,
powder, tablets, pralins, or liquid suspension:

¢ The micro granules, between 1 and 4 mm, are easily mixed with support of
mycorrhizal plants or brought into the planting surface as close as possible to
the roots;

* Very fine powders (particles <250 pm) make it possible to prepare a suspension
which can be sprayed on growing media or injected into the soil at the base
of plants already installed. This type of inoculum can also be used as a seed
coating.

* The tablets allow easy dosing of the inoculum to be placed in the plantation
area. The inoculum provided is localized in one place and not distributed
evenly over the roots.

* Associated with a praline, the inoculum is particularly suitable for plants with
bare roots. In a single operation, the plant is inoculated and its roots protected.

* Liquid suspensions are suitable for coating seeds. These inocula can also be sprayed
on growing media or injected into the soil at the base of plants [4-7, 39].

The formulated AMF bio-fertilizers should be positioned near the roots, with
avoiding the spreading products and favor the injection or burying method. Finally,
it is also possible to produce “2 in 1” products:

* Inoculated planting support, ready to use and particularly suitable for soil-less
culture,

o Pre-inoculated plants (vine, chestnut, etc.) ready for planting and whose
mycorrhization has been checked before marketing,

o Seeds coated with AMF propagules (mainly spores) which make it possible
to spread and inoculate a plot in a single pass,

o Organic fertilizers and amendments containing AMF propagules [7].

4. Design of AMF bio-fertilizer production unit

The aim of our present study is to set up a production unit for AMF bio-
fertilizers, which has the advantage of covering the biological deficit of arid soils, a
problem which continues to degenerate more and more. Indeed, the installation of
a bio-fertilizer unit must follow some criteria such as: appropriate production, loca-
tion, construction space, equipment, machinery, other laboratory equipment and
working capital. The bio-fertilizer production unit should be founded in a homo-
geneous area based on the interaction of soil characteristics, geomorphology and
climate. This place should be qualified as a buffer to reduce the risk of contamina-
tion during the process of production and quality control. The overall architecture
of the unit is the key element for the success of any economic project. In our case,
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the bio-fertilizer production unit must be organized in an H-shaped architecture
(Figure 2). This comes, according to Alamari [4], This author explained that this
structure is based on the fact of its economical aspect and its ability to adapt to the
sterilization process with forward walking, in other words from the “soiled”, to go
towards the “clean” and then towards the “sterile”, without possibility of going back
and without crossing of flows of “soiled” and “clean”. The unit must contain admin-
istration, laboratories, storage and packing space.

4.1 Administration

The administrative team must ensure the respect of directives and guidelines
in addition to external relations allowing the best conditions for the scientific team
to carry out their work. To achieve these objectives, different tasks must be imple-
mented: (i) Preparation, application and management of the budget and control
of its execution; (ii) Establishment of contracts and agreements with different
organizations in the same field, while taking care of calls for submissions and the

Trapping culture using cover

| Bk T4

i

073 it/

Native AMF inoculum containing spore,
colonized roots in natural substrate

Figure 2.
Conventional method for production of mixed AMF bio-fertilizers
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various procedures for procuring equipment; (iii) Physical and telephonic recep-
tion is provided; in addition to management of the staff and personnel of the unity
by application and monitoring of health and safety guidelines.

4.2 Laboratories

The setting up of a laboratory should meet the criteria approved by the World
Health Organization (WHO). A laboratory should be built with walls, ceilings and
horizontal surfaces, non-polished, easy to clean, impermeable to liquids and resistant
to disinfectants and to antiseptics. Then, to ensure the best work conditions, the
laboratory areas must be spacious [42]. In addition, the laboratory must contain:

* Mechanical ventilation system ensuring interior air movement without
recycling;

* Electricity must be sufficiently powerful with an emergency restart system in
the event of blackouts;

* The town gas supply must be appropriate and protected.

* Presence of the cleaning tank with emergency shower next to each laboratory
door, with installation of physical protection and fire safety systems.

* Finally, providing enough materiel resources and space for treatment and safe
storage of solvents, radioactive substances as well as compressed and liquefied
gases.

The production unit laboratory of AMF bio-fertilizer must contain three com-
partments: (i) Greenhouse for AMF inoculum multiplication; (ii) In vitro multipli-
cation and strains isolation rooms; and (iii) compartment of control, conditioning
and storage.

4.2.1 Greenhouse AMF multiplication

The greenhouse for AMF multiplication must be positioned behind the unit
occupying a clear space with 204 m? of approximately area. The greenhouse is used
to care for young host plants and to maximize crop productivity by improving
the relationship between their growth and AMF biomass. Greenhouse is the most
important compartment of the unit, so the geographical location may have to be
considered. The attractive location must be related to the adaptability and value
of the land, cost of fuel delivered, ample and inexpensive water, in response of
number of question: (i) What is the yearly available solar energy? (ii) How much
moisture falls, summer and winter? (iii) What are the maximum and minimum
temperatures and their duration? (vi) What are the hail and wind belts?(v) Is air
pollution a potential problem? (vi) Information on all of the foregoing questions
allows the greenhouse operator to determine the degree to which he can maintain
near optimum environmental conditions for plant growth and AMF multiplica-
tion [43]. Wind is important climatic problem in arid lands, so the wind direction
plays an important role in the choice of unit implantation site. So, orientation of
the greenhouse is a compromise for wind direction, latitude of location and type
of temperature control [44]. After site choice, the greenhouse must follow some
recommendations. The greenhouse must be constructed in glass farmed structure
on double-sloped with a naturally exposition of natural light for much of the day.
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In addition, heat is partly assured by sun rays paired with artificial means, such as
circulating steam, hot water, or hot air. Ventilating system is also needed [43, 44].
For low coast, the ventilation must be assured by roof openings and large windows
on the side, which can functioned mechanically or automatically. In some condi-
tions, if a financial condition allows automatic ventilation system is installed. For
the AMF multiplication, trapping culture must be done in pots or in specialized
containers. In this setting, trapping cultures are grown for 3 to 4 months to mini-
mize the accumulation of saprophytes in the medium for excessive growth and
senescence of the roots. However, culture maintained for more than 5 months and
regulated watering is recommended before areal part cutting and replantation of
new seeds as explained above (3.1.1).

4.2.2 In vitro multiplication room

It represent an aseptic areas separated from the greenhouse and the AMF isola-
tion room in order to avoid any contamination and to control sterility conditions as
much as possible.

4.2.3 Drying and conditioning room

This area is located just before the greenhouse; it is used to dry the contents of
the pots and containers for later conditioning. Once the trapping plants are ready
to be harvested, they are moved to shelves in this area so that they are not exposed
to light. Drying take about 2 to 3 weeks. After this period, the roots of the trapping
plants are cut and mixed with a suitable substrate. Conditioning AMF inocula
begins by placing the cultures in sealed bags. These bags are provided with codes
written both on the surface and on labels affixed to the upper left corner of the
crops so that they are easily identified when stacking. In addition, an organization
in alphabetical order of cultures is also recommended.

4.2.4 AMF strain isolation voom

Isolation room is completely isolated from all plant growing areas and the use of
unsterilized soil is strictly prohibited. Isolation is practiced as follows: The contents
of the dried pots are installed on grounds. The isolation of the spores from the
sample is done by wet sieving method [28]. This technic of isolation is practiced in
order to produce bio-fertilizer containing AMF spores. In addition isolated AMF
strains are conserved in order to develop further research. During the AMF isola-
tion process, a series of precautions must be observed, especially disinfection of
surface area of isolation, tables and shelves with draying after cleaning. Asepsis
is main condition for the success of this crucial stage of the AMF bio-fertilizer
production.

4.2.5 Control room

This space is used for carrying a series of bio-fertilizer control tests. These tests
include AMF spores count with microscopic examination, evaluation of AMF
root colonization rate and elaboration of must probable number test. AMF spores
number must vary between 10 and 15 pots per day. Once extracted, the spores are
transported in glass Petri dishes and stored in the laboratory refrigerator. Indeed,
the examination is carried out by a stereo microscope on the day of the extraction.
The information thus retrieved is stored in a database and all written notes are

88



Native Avbuscular Mycovrhizal Fungi and Agro-Industries in Arid Lands...
DOI: http://dx.doi.org/10.5772/intechopen.94084

archived as a physical backup. Systematically, all the files having processed the cul-
ture collection are stored centrally on the unit’s web server, saved on a separate hard
drive on the same computer, and stored on another computer in the laboratory.

4.2.6 Storage voom

The storage is done at an atmosphere of 4°C at the level of the shelves of metal
racks. These are characterized by mesh surfaces to optimize air circulation and
facilitating their cleaning. The racks are placed in the center of the room and
equipped with wheels to facilitate their movement. The storage period can reach a
maximum of 3 years [4]. Bio-fertilizer storage process requires certain recommen-
dations mainly: bag surface and their labels must be cleaned and disinfected before
they are placed in this room. Floors and shelves are regularly disinfected. AMF
bio-fertilizer product should be stored in a corner of the laboratory where the air
temperature is not detrimental to the viability of AMF propagules.

5. AMF bio-fertilizers challenges of production and application on
agricultural projects of arid lands

5.1 Why produce native AMF bio-fertilizers for arid lands?

Arid lands constitute the most widespread terrestrial biome in earth, with 35%
of the land areas of the world. These areas are subjected to several desertifica-
tion phenomena [3]. To counteract this problem, applications of new agricultural
technics are required including application of bio-fertilizers. Nevertheless, the use
of AMF for the restoration of degraded ecosystems has received poor attention,
requiring a different approach [25]. In addition, loss of AMF propagules is usually
recorded following soil and cover plant degradation, which could further inhibit
natural and/or artificial revegetation processes [3, 25]. Taking into account all the
previously cited aspects and the necessity of restoration in these areas, the eco-
technology proposed by some studies [13-15, 18, 20, 22, 23, 25] represents a good
alternative. They propose the restoration of degraded areas by re-introduction of
native AMF and plant species [25].

5.2 How produce native AMF bio-fertilizer unit?

Production of native AMF bio-fertilizers unit require appropriate funding
with adoption of a good financing strategy, based on various technical-economic
parameters including description of the income elements and those of the expenses
(Table 3). Indeed, the elements of income include the sale of bio-fertilizers, remu-
nerations, publicity and assurance. Table 4 describes all the expenses and revenues
provided by the bio-fertilizer production unit.

5.3 Economical challenge of native AMF bio-fertilizer production?

Production of native AMF production is an agro-industrial investment for each
arid region, in some case the product may be exported to similar edapho-climatic
areas. Designed production and marketing chain must support each unit in order
to guarantee the success of the project. In Table 4 we have tried to establish an
approximate economic study which will allow the investors to have an idea on the
economic situation of the project, but these figures may vary from one country
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Space Surface (m?) Realization coast ($)
Reception 35.61 91,873,800
Conferences room 3191 82,327,800
Manager’ office 173 44,634,000
Engineers office 56.02 144,531,600
Storage room 5513 13,235,400
Isolation room 40.55 104,619,000
Multiplication room 61.88 524,436,600
Conditioning room 64.6 1,666,668,000
Quality Control room 97.99 252,814,200
AMF greenhouse multiplication 203.27 655,545,750
Sales office 41.63 107,405,400
Store checkout 4434 114,397,200
Changing room and toilets 73.23 188,933,400
Total 823,46 3,991,422,150
Table 3.

Realization coast of native AMF bio-fertilizers unit.

Expenses ($) Incomes
Investment costs Construction field 65,000/m? in average 24$/kg of
Construction 4,000,000,000 Native AMF
bio-fertilizer
Technical 40,000
installation
Materials 100,000
Tools 100,000
Transport 100,000
Production charge Raw material 13,500,000
production
Packaging 9,030,000
Salaries Varied between 3,225,000 and
10,320,000/employee
Repair and 10%
maintenance
Insurance 10% of the operating budget
Publicity 10%
Supplementary 2-3%
charge
Total 850 milliards of 12900 millions of dollars /year
dollars of investment
Table 4.

Expenses and revenues of native AMF bio-fertilizers unit.
to another. The main thing is to ensuring the success of the plant development,
potentiates the in situ conservation of the AMF community and preservation of

ecosystem stability and biodiversity (Figure 3).
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Figure 3.
Representative plan of AMF production unit on H form (Adapted from Alamri [4] description).

In absence of information about the stapes and strategies of native AMF bio-
fertilizer unit, these information given in Tables 3 and 4 can help in understand-
ing and progressing of this strategy and its application in degraded arid lands for
development of sustainable agriculture.

6. Conclusion

Arid land has specific ecological characteristics that confer them special man-
agement strategies. As same the different soil throughout the world, soil of arid
land present a diversity of AMF that may be exploited to enhance agriculture in
these areas. For that in the present chapter we have exposed the most important
technic of AMF bio-fertilizer production based on native AMF strains. Founded
on what has been explained, recommending the use of conventional pot culture
technic present the adequate method adapted for arid lands. We have also given an
approximate economical evaluation for coast of building and installing native AMF
production unit in arid lands. The conventional method includes optimization of
scale of production while using the adequate trap plant, law-coast and environmen-
tally safe. With this technology, the preservation of environment from chemical
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fertilizer pollution must be enhanced, which lead to economic development of agro-
industry adapted for each country with operative system for sustainable agriculture.
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Chapter 8

Mycorrhizae Applications in
Sustainable Forestry

Dayakar Govindu, Anusha Duvva and Srinivas Podeti

Abstract

Arbuscular mycorrhizal (AM) association is the most common symbiotic
association of plants with microbes. AM fungi occur in the majority of natural
habitats and they provide a range of important biological services, in particular by
improving plant nutrition, abiotic resistance, and soil structure and fertility. AM
fungi also interact with most crop varieties and forest plants. The possible benefit of
AM fungi in forestry can be achieved through a combination of inoculum methods.
The mycorrhizal inoculum levels in the soil and their colonization in different forest
plant roots which leads to reduce the fertilizers, pathogen effects and fungicides
and to protect topsoil, soil erosion, and water-logging. Currently, several reports
were suggested that AM symbiosis can improve the potential for different plant
species. Two steps could be used to produce high yielding of different plant bio-
mass that would be both mycorrhizal dependency and suitability for sowing into
the field with high inoculum levels Therefore, the wide-scale inoculation of AM
fungi on forest trees will become economically important. The successful research
is required in the area of mass production of AM fungal inoculum and AM fungi
associated with roots which will contribute to sustainable forestry.

Keywords: mycorrhizae, sustainable forestry, mycorrhizal dependency, biomass

1. Introduction

Arbuscular mycorrhizal fungi are ubiquitous soil microorganisms. AM fungi have
great potential to increase plant growth and soil aggregate formation which improves
soil quality and development of plant health [1] AM fungi and microorganisms in
the rhizosphere contaminate roots and fabricate rich nutrients condition for plant
development [2]. The advantage of AM growths in the field conditions with singular
organisms is commonly identified with the rate and degree of mycorrhiza arrangement
[3]. Management of AM fungi is required in forestry for high yielding and biomass
production to be derived from economic and environmental conditions. Determining
the magnitude of benefits from improved AM fungi management the three important
factors are required. 1. Mycorrhizal dependency 2. Nutrient status of soil 3. Potential
of AM fungal inoculum. The terrestrial plant roots develop AM fungi with natural
resources of 80-90% symbiosis [4]. Global occurrence in forest ecosystems and form
50% of microbial biomass in the tropical ecosystem [5]. Among different important
functions of the plant-fungal symbiosis, plant growth promotion activity is stimulated
by the phosphorus uptake [6]. AMF increase nutrient uptake for the plants, particularly
immobile nutrients such as phosphorus (P), copper (Cu), and zinc (Zn) in the soil
which are not accessible to plant roots in normal condition due to slow immobility [7].
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Moreover, AM fungi support tolerance to the plants from different environmental
stresses such as salinity, drought, heat, and pollutants in the rhizosphere soil [8, 9].
Presently, effective management of AM fungi is possible by agronomic practices.

Mycorrhizal dependency (MD) is the most important in developing the manage-
ment of crop plants and forest trees. Forest plant species derive profit from AM fungi
to facilitate equally, another crop species is highly dependent on AM fungi for nutri-
tion, biomass, and growth [10]. The most agricultural plants and forest tree species
are hosts of AMF, not all benefit equally. The REMD (relative field mycorrhizal
dependency) proposed by Plenchette et al. [11] expresses the difference in dry bio-
mass between mycorrhizal and non-mycorrhizal treatments as a percentage of the
biomass of mycorrhizal treatment. This method is very useful in the ranking of dif-
ferent host plants with an individual experiment but absolutely the values of RFMD
will depend on the nutrient status of the soil. Abbot and Robson [12] have suggested
the need to assess the importance of AM to a host across a full range of soil P levels
by determining the response curves for mycorrhizal and non-mycorrhizal plants.

In some forest soils, the response of some crop species to AM fungi is expressed
as N as well as phosphate benefits [13]. AM inoculation did not significantly
increase shoot dry matter of rice, but it produced significantly higher in biomass
than the non-mycorrhizal ones.

A perusal of the Table 1 reveals that all the 10 tree saplings have shown mycorrhizal
infection. However, the percent of colonization varied with the tree species. Maximum
colonization was observed in Azadirachta indica followed by Albizia lebbeck, Gliricidia
maculate. Least colonization was observed in Tamarindus indica. The differences in
infection are due to edaphic conditions and the age of the plant. With few exceptions,

a direct correlation can be observed between the percent of mycorrhizal colonization
and phosphorus content of the plants. Although the saplings with a high percent of
colonization show high MD, there is no direct correlation between these two parame-
ters. For instance, the Leucaena leucocephala with 78 colonization has shown more MD
than Azadirachta indica with the highest AM fungal colonization. Thus it is obvious

S. No. Plant species % of P content (%) Mycorrhizal
colonization Mycorrhizal Non-mycorrhizal Defz;‘g‘;"cy
Shoot Root Shoot Root

1 Acacia nilotica 67 0.20 0.30 0.12 0.20 170

2 Albizia lebbeck 88 0.80 0.90 0.60 0.70 240

3 Albizia procera 72 0.70 0.90 0.50 0.60 210

4 Hardiwikia 76 0.50 0.70 0.23 0.28 196
binata

5 Gliricidia 80 0.70 0.80 0.30 0.40 215
macula

6 Leucaena 78 0.60 0.80 0.31 0.70 213

leucocephala
7 Acacia 71 0.40 0.40 0.20 0.26 183
melanoxylon

8 Azadivachta 90 0.90 0.90 0.71 0.80 253
indica

9 Tamarindus 54 0.10 0.10 0.09 012 104
indica

10 Tectona grandis 78 0.60 0.80 0.70 0.83 212

Table 1.

Mycorrhizal dependency of some foresty tree species saplings.
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that the extent of mycorrhizal colonization has no relation with MD. The plants even
with moderate infection may also exhibit high Mycorrhizal dependency. Mycorrhizal
dependency of Acacia nilotica lowers as the P-level in soil was increased [14].

2. Distribution of AM fungi in forestry

Forests play a progressively more crucial role in gathering the demand for timber
and ecological protection, nearly 25% (one fourth) of India’s total land area is now
under forest land and tree cover. The diminishing soil quality is the main warn-
ing to sustainable forest management, mostly in planted forests. Microorganisms
show significant functions in soil formation, aggregation nutrient cycling, nutrient
uptake, and reclamation of ecosystems [15]. The arbuscular mycorrhizal fungi
(AMF) form symbiotic associations by the plant roots of more than 80% of plants
[16], and they play a crucial role in the successful organization and maintenance
of plant communities [17]. AMF hyphae can add phosphorous (P), which cannot
be absorbed by root hairs, and the AMF soil mycelial arrangement provides many
profits to host plants [18] as well as plant growth promotion [19, 20] and develop-
ment of plant resistance to abiotic stress and disease [21]. Additionally, AM fungi
can be favorable to soil aggregation as the outcome of the activities of hyphae
and glomalin protein secretion [22] therefore, the incidence and colonization of
AM fungi would be helpful to the survival of forest seedlings and the sustainable
managing of forests. Furthermore, the AM fungal species associated with plant
species have elucidated different functions to host plants and influences on the dis-
tribution, diversity, and restoration of plant community [23]. The diversity of AM
fungi is significantly important to forest ecosystems and can be important for plant
community and productivity [24, 25]. Though, information about the diversity of
AMF associated with tree species in forest plants is inadequate. It is a known fact the
AM fungi are extensive in different ecosystems, and their colonization and spore
propagules are also affected by soil physicochemical characteristics [26]. The abiotic
factors could influence on root colonization and fungal spore population.

The AM fungi colonization and spore commune compositions in the rhizosphere
of the tree species were estimated. The outcome of this study would provide close
on the utilization and supervision of AM fungi to keep sustainable management of
forests [27].

2.1 Forest soils

Table 2 reveals that AM fungal spore population was found highest in
Kothagudem soil of Albizia lebbeck, while it was lowest in Godavarikhani soils of
Acacia nilotica. The AM fungal spore population range was varying in the rhizo-
sphere soils of Kothagudem followed by Yellendu, Bhopalpally, and Kothagudem. On
other hand, rhizosphere soil showed a great variation in the incidence of different
AM fungi both qualitatively and quantitatively. Glomus species was dominating in
all the rhizosphere soils, followed by Gigaspora species was recorded highest in the
rhizosphere of Acacia nilotica of Bhopalpally soil and it was least in Kothagudem.
Similarly, Sclerocystis species was found highest in Kothagudem soil of Acacia
nilotica, while it was least in Godavarikhani soil of Acacia nilotica. Acaulospora
species was recorded highest in Bhupalpally and it was lowest in Godavarikhani soil.
No Acaulospora species was observed in Godavarikhani and Yellandu the soils of
Albigia lebbeck. Scutellospora was least in Godavarikhani and Bhupalpally soils. In the
rhizosphere soils of the analyzed tree species, bountiful spore numbers, and high
decent varieties of AMF species were found (Figure 1) [28].
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Figure 1.
Isolation and selection of AM fungi for host plant.

2.2 Coal mine soils

Table 3 results showed that AM spore number in rhizosphere soil was studied in
different Coal mine sites of North Telangana. The results are depicted that AM spore
population was observed in two different plant species. AMF root colonization is pre-
sented in Figure 2, highest root colonization was recorded in the Kothagudem sample
of Albizia lebbeck, while it was a significantly higher level of AM fungal spore popu-
lation was also seen in the same sample. The lowest colonization was found in Acacia
nilotica of Godavarikhani, but the moderate spore population was observed. The low-
est level of mycorrhizal colonization was found in Godavarikhani and Bhopallpally
rhizosphere samples of Albizia lebbeck and Acacia nilotica respectively. However,
the AM fungal spore population incidence varies. The highest AM fungal spore
population was recorded in Kothagudem soil followed by Bhopalpally and the same
trend was observed in Godavarikhani and Yellandu. The AM fungal spore population
varied from species to species. Glomus species was dominated in all the rhizosphere
soil samples of two plants. Past investigations have additionally detailed Glomus and
Acaulospora to be the dominant genera in different woods [26, 29]. Gigaspora species
was highest in the rhizosphere of Albigia lebbeck of Kothagudem, while it was signifi-
cantly lowest in Yellandu soils followed by Sclerocystis, Acaulospora, and Scutellospora.
Similarly, Acaulospora species was found highest in the rhizosphere of Albizia lebbeck
of Bhopalpally. Sclerocystis species was found highest in Kothagudem soils, while it
was lowest in Bhopalpally soils. Scutellospora spore incidence was observed more in
the rhizosphere of Acacia nilotica than A.lebbeck, but it was found less number in
other samples. Interestingly, No Scutellospora species was recorded in the rhizosphere
of Albizia lebbeck in Godavarikhani soil as shown in Table 4.

Some AM fungi react diversely to soil disturbances, for instance, Hart and
Reader [30] identified that species from the suborder Glomineae were substantially
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S.No Treatments Root Height Biomass Phosphorus
colonization of (g (mg/g)
(%) plant Fresh Dry Shoot Root
(cm)
wt. wt.
Albigia lebbeck
1 Glomus fasciculatum 72.6 1121 125.2 108.8 0.36 0.12
(Rhizophagus
fasciculatum)
2 Glomus aggregatum 764 120.2 1426 116.3 0.42 0.38
(Rhizophagus
aggregatus)
3 Gigaspora gigantea 50.2 83.2 111 86.2 0.36 0.16
4 Acaulospora foveata 524 96.6 128.3 110.6 0.26 0.18
5 Sclerocystis sp. 39.7 86.5 98.2 65.3 0.14 0.10
6 Control — 76.0 90.0 624 0.32 0.15
Acacia nilotica
1 Glomus fasciculatum 70.0 160.1 168.1 141.9 0.46 0.34
(Rhizophagus
Sasciculatum)
2 Glomus aggregatum 62.4 148.9 1526 133.6 0.32 0.27
(Rhizophagus
aggregatus)
3 Gigaspova gigantea 69.6 154.2 156.1 139.2 041 0.29
4 Acaulospora foveata 50.4 120.2 136.2 99.3 0.25 0.16
5 Sclerocystis sp. 376 97.0 111.2 84.5 0.32 0.22
6 Control — 68.8 72.8 591 0.22 0.12
Table 4.

Screening of Albizia lebbeck and Acacia nilotica for efficient strains of AM fungi.

less tough to soil disturbances than species from the suborder Gigasporineae, likely
because of the qualities of either colonizing plant roots generally by hyphae or
by spores.
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Figure 2 shows the highest root colonization in the rhizosphere of Albizia
lebbeck of Yellendu, while it was least in Bhopalpally soil. The percentage of root
colonization was significantly varied with the type of soil. AM colonization was
recorded moderately in the soil of Godavarikhani. No correlation could be observed
between AM colonization and the spore population.

3. AM fungal inoculum development

AMF resting spores collected by stereo binocular microscope were surface steril-
ized with 200 ppm streptomycin for 15 min and washed in sterile distilled water for
several times. The starter culture was prepared by soil funnel techniques [31]. A glass
funnel was filled (3/4th) with autoclaved soil and sand (1:1) and the neck was loosely
plugged with cotton wool. The funnel was kept over a conical flask (filled with sterile
water). Spores were spread near the neck and covered with a thin layer of soil. Seeds of
Pennisetum glaucum (surface-sterilized) were evenly sown and watered (sterile). After
10-15 days, the roots can be seen sprouting from the neck. Meanwhile, they get infected
by AMF spores at the neck. After 25 days, roots were examined for root colonization.

When an adequate amount of growth was obtained by frequent sowing of
seeds, this inoculum was transferred into small plastic pots filled with sand and
soil (2:1) and mixed uniformly. Pots were transferred to the greenhouse and seeds
of Zea maize and Pennisetum glaucum were sown. Pots were watered now and then
with Hoagland nutrient solution without phosphorus and placed under uniform
daylight. At the time of flowering of plants, the upper shoot system was cut off
and fresh seeds were sown. After 2-3 months, the roots were mixed with soil and
employed as inoculum for further experiments. Figure 1 explains the isolation and
screening of AM fungi for the selected host plants.

4. Screening of AM fungal species for efficiency

The effect of native AM fungi on the mycorrhizal intensity in terms of root
colonization and spore number in rhizospheric soil of Albizia lebbeck and Acacia
nilotica has been presented in Table 4 respectively. In the comparative studies, all
the Glomus species showed a significant difference in colonization.

Biomass of treated plants in the form of fresh weight recorded in Albizia lebbeck
(A.l) and Acacia nilotica (A.n) is ranging from 90.0 to 142.6 g and 72.8 to 168.1 g,
respectively. Likewise, root/shoot dry weight ranging from 62.4 to 116.3 g and 59.1
to 141.9 g, respectively, at the time of growth in the transplanted site. Minimum
root/shoot growth was recorded in control plants. In comparison to control, all
other treated plants showed the highest root/shoot growth. The maximum root/
shoot growth of Albizia lebbeck (142.6 g) was recorded in Glomus/Rhizophagus
aggregatus treatment. In Acacia nilotica (168.1), the highest growth was observed in
Glomus fasiculatum and followed by Gigaspora gigantea.

In this study, all the five treatments gave the best results when compared with
control (non inoculated tree species) Glomus/Rhizophagus aggregatus supports
Albigzia lebbeck showed the highest root colonization and helps the plants to uptake
the nutrients such as root/shoot Phosphorus content (0.42/0.38 mg/g). In Acacia
nilotica the highest shoot/root phosphorus content (0.46/0.34 mg/g) showed by
treatment with Glomus fasiculatum.

Among all the five monoculture treatments Glomus/Rhizophagus fasciculatum
and Rhizophagus aggregatus gave the best plant growth in all the parameters records
plant height, biomass, and Phosphorus content. In this study percentage of AMF
root colonization is directly proportional to the biomass and phosphorus content.
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5. NPK fertilizers

The use of NPK fertilizers to enhance crop plant production include fertilization
is specified to the soil and liquid forms of NPK that are sprayed on top of crop plants.
In this time, plants are mostly fulfilled by giving solid fertilizers containing macronu-
trients, especially N inorganic continuously and without pains to restore the nutrients
and absorb the essential elements with plants and causing the decrease of soil fertility
[32, 33]. The use of extreme fertilizer is a waste of money and disturbs the stability
of nutrients in the soil and increases environmental pollution [34, 35]. To improve
the crop productivity and quality of outcome is required to be useful by reasonable
fertilizer influences as a result that the proportion of nutrient absorption by plants is
balanced and use of one type of fertilizer based on site-specific suggested doses [36].
The site-specific nutrient considers the potential of soils to give usual nutrients recov-
ery [37]. To develop the nutrient status in the soil which administers the N-inorganic
fertilizers in the required amounts of P, and K fertilizers are essential to increase crop
production.

The compound fertilizers are containing the mineral elements, which need for
the successful growth and development of plants. Mineral elements are necessary for
optimal doses. Nitrogen, phosphorus, and potassium have enormous effects on plant
growth and development. The deficiencies results indicate clear effects on the growth
and yield of the crop plants. Nitrogen is a chlorophyll element, which promotes green
color and vegetative growth of plants [44]. In agricultural systems, the most impor-
tant crop nutrients are nitrogen (N), phosphorus (P), and potassium (K) [37].

Nitrogen fertilizing doses increase the protein levels and crop plant biomass, but
the completion of N elements only without P and K will cause plants to simply drop,
very sensitive to pest attacks disease, and reduced the quality of crop production
[38]. Phosphorus nutrients in the soil absorbed by plants will be supported by P
elements specified during fertilization [39]. Nutrient uptake of N, P, and K plants
increases with an increasing dosage level of K fertilizer. Potassium is an important
component involved in maintaining plant water conditions; it is responsible for
regulating stomata opening and closing activities [40]. The multiple inorganic
fertilizers added to plants can be either solid form or liquid. The spray of liquid
fertilizer to the plants can play a role in improving the properties of the soil and
supporting to enhance crop production [41, 42]. The application of liquid inorganic
fertilizers is to make it an easy and efficient use of fertilizers by crop plants.

6. Effect of agrochemicals on interactions of Rhizobium and AM fungi
on the growth of two forest trees

Different combination of agrochemicals (Captan, Sevin, TCP, Urea, 2, 4-D,
DAP) along with Rhizobium and AM fungi were inoculated to test plants com-
binations are as follows Captan + Glomus fasiculatum (G.f.) (A), Sevin + G.f.(B),
TCP + Gf.(C), Urea + G.f. + Rhizobium sp.(D), 2,4-D+ G.f. + Rhizobium sp.(E),
DAP + G.f. +Rhizobium sp.(F), Control+ SS+ Rhizobium sp.(G).

AM fungal infection was maximum in plants receiving treatment of E followed
by D and F in descending order, while it was low in plants receiving treatment of A
and B (Table 5). The spore population also increased in the presence of C, D, and F.
Treatments C and D, promoted the plant growth. However, E promoted the maximum
height followed by F and D plants, while it was least in B treated plants. Similarly, the
treatment of E stimulated nodulation and biomass production. On the other hand,

F and D influenced nodulation to an intermediate degree. The addition of tricalcium
phosphate adversely affected growth-promoting activity. The degree of nodulation
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decreased in the presence of captan and sevin which may also partly be due to the
absence of Rhizobium. The biomass production varied with the agrochemicals tried.
The maximum biomass production was recorded in the treatment E, while it was low in
sevin treated plants. Similarly, the phosphorus content in shoot and root increased. The
increase was more in root than in shoot. Treatments of F and C have adversely affected
both the tree species. Maximum root infection was observed in A. nilotica plants receiv-
ing treatment D followed by B (Table 5). Root infection was least in E and F treatments.
The stimulatory effect was comparatively more in treatment B than A. similar trend
was observed in the spore population. The maximum spore population was recorded in
plants receiving D treatment followed by B. It was low in F treated plants. Treatments
A, C, and F adversely affected the AM infection and spore population.

The biomass production varied with the agrochemicals tried. The maximum AMF
root colonization and biomass production was observed in the treatment E, while it
was low in sevin treated plants. Similarly, Maximum plant height was recorded with
fertilizers, while it was low in F treated plants. Nodulation increased in plants treated
with E along with Rhizobium, while it was low in D and F. Treatments of A, B and
C were responsible for inhibition of nodulation. On the other hand, the increased
biomass production was recorded in plants treated with D and least in F. [43, 44] have
recorded the adverse effect of some agrochemicals on AM colonization and growth
and development of plants studied by them. Marginal change in physico-chemical
characteristics of soils with the addition of different agrochemicals. The pH of the
soils ranged between 7.0 and 8.1, and in C, E, and B soil was comparatively more alka-
line. Maximum EC was recorded in D plants, while it was least in C plants. Organic
matter was maximum in E plants, while it was low in B treated plants. Available
phosphorus was also considerably increased in soils receiving different agrochemicals.
Maximum available phosphorus was recorded in E treated soils followed by F and D
treated plants. Available potassium was maximum in G. fasciculatum treated plants,
followed by F plants and it was considerably low in D.

The root-based hyphal network in soils is the primary inoculum for seedlings that
become established on natural grasslands. However, the inoculants colonized roots
have some profound disadvantages since they may contain more than one mycor-
rhizal fungus and may also contain pathogenic organisms. Spores are possibly the best
inoculants for laboratory experiments because the features diagnostic of individual
species are present only in the spores developed primarily on extra metrical hyphae.
Natural soil of crops and forests may contain varying numbers of spores of differ-
ent AM fungal species. The dual culture using sterile soil with some kind of quality
control is believed a practical approach to produce a high level of inoculants for
commercial applications. A pot culture of Glomus versiforme on Sudan grass (Sorghum
vulgare) can produce up to 107 spores per month over an extended period [45]. Spores
from colonized soil near the colonized roots collected from field or pot cultures can be
extracted using the traditional wet-sieve method. This approach and the later modi-
fied techniques are widely used in extracting spores from soils with modifications.

7. Applications of AM fungi

Arbuscular mycorrhizae show up as an exceptionally encouraging and mon-
etarily reasonable device for the foundation of practical models of rural creation,
because of their ability to expand the assimilation of fundamental supplements to
plant development and increment their resistance to unfavorable ecological condi-
tions, consequently keeping up soil quality and its gainful potential. Although
enhancements in soil quality and plant nutritional status, for mycorrhizae applica-
tion, was less investigated [46]. Various investigations have indicated that AM
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Fungi can expand plant health and yield [47, 48]. These symbionts offer an eco-
accommodating natural sound substitute to compound composts and pesticides
for managing both plant quality and quantity in farming, cultivation, and ranger
service. AM Fungi is currently viewed as the base of sustainable farming; so, there
is a need to speed up its management in rural establishment frameworks [49].

The development of AM fungal hyphae is promoted by root exudates and is depen-
dent on the arrangement of an appressorium increases the chance of hyphal entrance in
the root framework. Dry weight and mycorrhizal dependence are the two most com-
monly utilized methods for assess AM fungal impact on plants [50]. Fungal impacts on
plant physiology, for example, mineral nutrition especially phosphorus, plant execu-
tion, and plant assurance are significant segments in surveying contagious productivity.

AM fungi may similarly have connections among plant development advancing
rhizosphere (PGPR) life forms. The impact of AM immunization may shift since
numerous elements can impact the event of AM fungi [12].

8. Conclusion

The plant root infection and spore population were good in the forest soils and
they were less in the overburden coal mine spoils. AMF exhibit different distribu-
tion patterns between these two soil types, where Glomus is dominant among all the
species, Scutellospora and Aculospora were least in population. The high Mycorrhizal
dependency value suggests that mycorrhizal inoculation would be useful in producing
vigorous seedlings. In the nursery, which establish better and withstand some amount
of drought and pathogenic infection. Seedlings inoculated with the indigenous AMF
monoculture showed the highest biomass and phosphorus content when compared to
non-mycorrhizal (controls), those plants grew very poorly. Within the AM fungi selec-
tion of perfect efficient indigenous mycorrhiza inoculations are needed for revegeta-
tion of disturbed sites. By the efficient AMF inoculation, the agroforestry tree species
showed the best results in the form of increasing biomass and phosphorus uptake.

AM fungi and Plant Growth Promoting Rhizobacteria (PGPR) are significant
parts in forest development and helps to increase biomass production [51]. There is
aneed of long term field studies to screen the efficent AM fungi in the revegetation
sites and synergistic effects on indigenous microflora on tree growth.
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Chapter 9

Influence of Endomycorrhizal
Fungi on the Growth of Tropical
Plant Species

Juan Francisco Aguirve-Medina, Jorge Cadena-Iitigue
and Juan Francisco Aguirrve-Caden

Abstract

In Southeast Mexico, deforestation in tropical forests is considered an
environmental concern. Deforestation favours the growth of plants that compete
with species of interest, which generally present slow growth. In order to promote
greater growth in less time of the forest species used in reforestation and two
crops of regional interest, the effect of including Rhizophagus intravadices in the
seed or the root system of seedlings were investigated to evaluate its influence on
growth and allocation of dry matter in the aerial and radical part, in addition to the
concentration of N, P and Ca. Also, two additional collections with morphological
characteristics of Glomus sps were included in T. donnell-smithii. The results indicate
that biofertilisation with R. intraradices induces increased growth and is differential
in stem and root dry matter allocation over time, in addition to increasing nutrient
content in plant tissue.

Keywords: tropical spices, endomycorrhiza, root and shoot growth,
range relative growth, nitrogen and phosphate

1. Introduction

Forest ecosystems are affected by various environmental and anthropogenic
factors such as drought and the establishment of annual crops; these actions have
caused their degradation. The above situation has generated several reforestation
programs in Mexico through the massive production of forest species in nurseries,
however, when planted in the field, the survival of plants is less than 50%, due in
part to the low quality of the plants produced in the nursery and the intermittent
drought they face when taken to the field [1]. In such procedures, the strengthen-
ing of the radical development of the host plant through biofertilisation with
microorganisms has not been considered. Under these conditions, it is possible that
microorganisms help plants survive in adverse environmental conditions [2].

Some bacteria and fungi that live in the rhizosphere interact with species present
in agroforestry systems and may or may not manifest themselves in some morpholog-
ical or physiological attribute of anthropocentric interest of the host plant, especially
in sustainable or low input production systems, but their effective incidence depends
on the microorganism and environmental and soil conditions [3]. The interaction
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of the plant with endomycorrhizal fungi stimulates its growth [4], even in adverse
environmental conditions [3, 5], such as drought [6], presence of nematodes [7] and
also activate defence mechanisms against various pathogens [8, 9].

Endomycorrhizal fungi interact symbiotically with more than 80% of terrestrial
plants [10]. It is the most common symbiosis on earth [11] and important part
of the development, maintenance and stability of ecosystems and represents an
important mechanism for plant and reproductive development [12]. They can be
found in all terrestrial ecosystems and their universality implies vast taxonomic
diversity [13]. Native populations of endomycorrhizal fungi have favoured the
sustainability of agricultural systems, while introduced ones may not be adapted to
the environment and may have ecological specificity [14] or host preference [15]. In
the rhizosphere, in addition to microorganisms, there are abundant root exudates
that have a selective effect on soil microbiota [16].

When endomycorrhizal fungi are introduced in the seed or in the soil to colonise
the root, the establishment of symbiosis is facilitated and the benefits are expressed
in early stages [17], as an increase in growth and in the case of nursery plants, a
decrease of time to be taken to the field. Symbiosis improves the supply, availability
and physical access of nutrients to the plant [18].

Currently, endomycorrhizal fungi are considered essential organisms for
the sustainable management of agriculture. In general, when new species are
introduced to a region and adapt quickly to the new environment, the possibility
that the species has the capacity in its root system to establish symbiosis with the
microorganisms is considered. They are capable of linking to the development of
the subway community [19].

Radical colonisation by endomycorrhizal fungi initiates with the exchange of
carbon from the host plant to the fungus, and in turn, establishes by exploring the
soil through mycelium the transport of nutrients to the root [20], such as phospho-
rus [2, 21, 22], water [20] and other nutrients to the plant. If Phosphorus (P) is not
available for the initial development of the plant, it becomes limiting [23] and being
a low mobility ion, hyphae can be the bridge for phosphorus supplementation [20]
and by supplying it, growth is significantly influenced [2]. In addition, it improves
the physical state of the soil by producing glomalin [20], to form more stable soil
aggregates [24].

The beneficial effect of the application of endomycorrhizal fungi has been
demonstrated in the increase of biomass in perennial crops such as Leucaena leu-
cocephala (Lam.) De Wit, [25, 26], Theobroma cacao L. [27], Coffea arabica L. [28],
Jatropha curcas L. [29], C. canephora (Pierre) ex Froehner [30], Tabebuia donnell-
smithii (Rose) Miranda [31], Cedrela odovata L. [32] and Elaeis guineensis Jacq [33].

2. Influence of endomycorrhizal fungi on plant growth

Understanding growth, as the irreversible increase in the size of an individual
almost always associated with an increase in its complexity, helps us to identify the
effect of endomycorrhizal fungi on symbiosis with the host plant. The analysis of
plant growth represents the first step in the analysis of primary production [34] in
its different components, which are those that regulate the final production. In this
way, the yield understood as the phenotypic expression of anthropocentric inter-
est, is the final result of the physiological processes that are reflected in the plant’s
morphology [35].

The assignment of dry matter to the different structures of the plant, such as
the root system, the stem and the foliar lamina are modified when endomycor-
rhizal fungi are included, either in soil or in substrates with the addition of other
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components, such as bovine manure, from the poultry industry, or agro-industrial
wastes, such as sugarcane bagasse, coffee husk, cocoa shell, among others. This
symbiotic association between fungus and plant generates the enlargement of the
root system and acts as a root complement [36]. Endomycorrhizal fungi, together
with the rest of microorganisms, are fundamental in the cycle of nutrients, even
more, when considering that the availability of nutrients is heterogeneous in soils.

Mycelium is the means of transporting nutrients and water to the plant and is
elemental in soil exploration. Especially in conditions of exploitation of monocul-
tures that generate through time, the “depletion zone” of nutrients near its root
system. Also, the tillage exercised in these production systems breaks the mycelium
of the fungus and diminishes the beneficial effect it has on the structure of the soil,
affecting the diversity and productivity of the communities [37, 38]. In addition,
the applications of agrochemicals adversely affect the diversity and abundance of
endomycorrhizal fungi in agroecosystems [39], causing the decrease or loss in the
functioning of the plant community [40, 41].

In these conditions, the mycelium of the fungus can explore spaces in the soil
where roots do not reach, that is, explore areas beyond the known “depletion zone”
of the root and increase the absorption surface by exploring greater volume of soil
compared to non-mycorrhised roots. This fact is more relevant when considering
that they have the capacity to transport nutrients that are not very mobile, such as
phosphorus [42].

The preference of endomycorrhizal fungi to transport phosphorus has been
documented [21, 43] and this nutrient is fundamental for plant growth, even more
so when considering that it has low availability in tropical soils [44]. Its supply by the
fungus favours plant growth, but the symbiosis can be reduced or inhibited if the P
level in the soil is high and the plant root can absorb it by itself [45]. [46] On the other
hand, they cite that the efficiency in P absorption by the mycorrhised roots is mainly
due to an acceleration of the dissociation of insoluble phosphate and it is extracted
by the mycorrhizae according to the needs of the host plant. In general, it has been
established that mycorrhised plants favour the absorption and transport of P, Zn, Ca,
S, Cu, and Mg and their effects are more noticeable in low fertility soils [47].

When endomycorrhizal fungi are introduced into plants, the response can be
diverse, influenced either by plant metabolism or by root architecture [48] and the
interaction is considered non-specific, because any species of endomycorrhizal can
colonise a plant [49], however, in different crops of the same species, the induction
of growth is differential, according to the endomycorrhizal fungus introduced [31]
or according to the tillage. In some forest species the root volume increases [50],
in others, it decreases [51], or it is also expressed in an increase in the thickness of
the stem needed to be taken to the field in less time compared to non-biofertilised
plants. Also, it decreases mortality after transplantation [17] and improves its
survival capacity in adverse conditions [52].

The growth of biofertilised plants with endomycorrhizal fungi presents changes
in their aerial and root structure since the beginning of their evaluation. Generally,
the dry weight of the aerial part of the plants is greater than the dry weight of the
root system (Figure1).

The root system development of biofertilised plants shows little difference
in growth in C. odorata at 28 and 56 days after sowing. In contrast, the growth
of C. canephora, increases and in C. arabica, its growth decreased at 28 days.

The decrease in the growth of the root system of the biofertilised plants with the
endomycorrhizal fungus in comparison to the control could reflect the initial
limitation in the interaction of both organisms due to the availability of carbohy-
drates. In this initial stage, energy is required to support the mechanisms of plant/
fungi recognition that will lead to the establishment of symbiosis [53], and in the
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Figure 1.

Shoot and root growth of different tropical plant species with and without Rhizophagus intraradices in the
greenhouse. Values are the average of four veplications by sampling and treatment. The vertical bars indicate
the standard error of the mean.

following stages, it is likely that the hyphae of the fungus will replace the root hairs
due to the increase of biomass in the aerial part of the plant. Otherwise, it would
be expected that the treatments with higher root system would have higher absorp-
tion of nutrients from the soil. The above behaviour suggests greater transport of
photosynthates to the aerial part.

In T. donnell-smithii, the root system of the biofertilised treatment is increased.
The values found at 140 das (Figure 2) indicate an increase in aerial and root
biomass in most of the species evaluated with the exception of T cacao. In other
results with T cacao, [54] the effect of the increase in biomass with the same species
was found between 84 and 112 days. On the other hand, [55], they report increases
in biomass of T cacao with the inoculation of endomycorrhizal fungi of the
Scutellospora and Glomus in genera of T cacao plants with evident differences with
the control from 120 days after sowing.

In C. arabica, the 140 das is presented with a slight increase in the radical system
of the biofertilised plants in comparison to the control. In the same species [28] in
evaluation at 60 and 90 days, there is a decrease in the biomass in the root system
with the biofertilisation of R. intraradices at 60 and 90 days and a similar biomass in
the root system as the control at 180 days. In contrast, with C. canephora, T. donnell-
smithii, and C. odorata, the increase in aerial and radical biomass was remarkable.
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Shoot and root growth of different tropical plant species with and without Rhizophagus intraradices in the
greenhouse. Values are the average of four replications by sampling. The vertical bars indicate the standard
ervor of the mean.

In Leucaena leucocephala cv peru, the radical system decreased with biofertilisation
but the aerial biomass increased. It is probable that the plant responds better with
other endomycorrhizal fungi.

The response of microorganisms in plant development reflects differential
growth in time and between their organs. The greater or lesser allocation of biomass
to some plant organs, seems to be influenced by the biofertilisation applied to its
radical system and in almost all cases, after the ample development of an organ in
a period of time, it tends to diminish in the following period, but with important
increase in another plant organ.

The relative growth rate or the amount of dry matter produced per unit of time
induced by the symbiosis with endomycorrhizal fungi presents the highest growth
rate during the first 56 days after planting (days) (Table 1). In the period between
112 and 40 das, all species show a decrease in growth rate. This can be mainly
related to the higher proportion of cells that do not divide in relation to those that
do [56], whereas, in annual crops, the highest growth occurs around 30 days after
biofertilisation with an increase in the mean relative growth rate [57] and leaf
area [58].

In T cacao L. and C. canephora, the relative growth rate presents a different effect
between the control and R. intraradices. After the initial high growth with the endo-
mycorrhizal fungus, it decreases during two months to continue again the increase
of its growth. In the case of the control, the opposite happens, the initial increase in
biomass is less, but it increases in the second and third sampling in T. cacao and the
second in C. canephora. The above response is considered to be influenced by the
demand for carbon sources [59].

In T. donnell-smithii, the response is different among fungal species. Some of
them, such as Glomus sp. (Tealemon), show a higher induction of initial growth
and at the end of the evaluation, the growth was higher by R. intraradices. In this
regard [60] cites differential response in growth [61] and, that plants have different
responses to geographical isolations when the same species is inoculated.

On the other hand, in C. odorata, the growth rate was higher in the control on
the evaluated dates. The physiological expression of plants seems to be related to
their modular growth among their organs over time.
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Plant species Time (days after sowing)

Cedrela odovata 28-56 56-84 84-112 112-140
Control 0.126° 0.042 0.054 0.021
R. intraradices 0.109 0.047 0.054 0.012
Tabebuia donnell-smithii 56-84 84-112 112-140 140-168
Control 0.065 0.022 0.019 0.012
R. intravadices 0.064 0.021 0.033 0.017
Glomus sp. Te Limén 0.073 0.022 0.023 0.014
Glomus sp. Vetiver 0.063 0.022 0.027 0.015
Teobroma cacao 30-60 60-90 90-120 120-150
Control 0.0070 0.0087 0.0072 0.0084
R. intraradices 0.0097 0.0076 0.0057 0.0085
Coffea canephora 28-56 56-84 84-112 112-140
Control 0.033 0.039 0.024 0.017
Rhizophagus 0.037 0.036 0.030 0.044

Values are the average of four replications by sampling and treatment.
Dry weight (gg .day™).

Table 1.
Relative growth rate (RGR) of the different tropical species biofertilised with R. intraradices at the time of
sowing under nursery conditions.

3. Content of P and other nutrients in plant tissue

In all tropical forest species biofertilised with the endomycorrhizal fungus, a
higher content of phosphorus was found in their plant tissue even though a large
part of the available phosphorus in the soil is fixed in the andosol soils (Table 2).
Many studies have shown that mycorrhised plants have benefits in their association
with endomycorrhizal fungi under phosphorus-deficient conditions, especially in
the acid soils of the tropics [62-64].

P is captured by the external mycelium and subsequently transported through
the hyphae or intraradical structures in the form of polyphosphate granules and
finally the process of transfer by the bush to the host cells [65].

In C. arabica plants at 56 days after planting, P and Ca values are very
similar and concentrations increase to 140 days in the plant biofertilised with
R. intraradices. With other species of endomycorrhizal fungi such as Glomus
clarum and Gigaspora margarita in coffee seedlings, the growth and absorption of
phosphorus by the plant was favoured, as well as the increase in survival and field
production [66].

In general, it has been established that mycorrhised plants favour the absorption
and transport not only of P but also of Zn, Ca, S, Cu, and Mg. The mycorrhizae
are more active in soils of low fertility, especially when there is a deficiency of
phosphorus [47].

The N content in the tissue of the biofertilised plants at 56 das was higher in
the control with C. arabica. At 140 days, it was higher in most species with the
exception of C. canephora cocoa plants biofertilised with R. intraradices had higher
nitrogen content during the whole evaluation. This fact demonstrates that the host
plant’s root system is an extension of the plants’ absorption system and favours the
capacity to transport nutrients, such as nitrogen [18].
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Plant species Time (days)* Nutrient (%)

Cedrela odorata L.

Control 140 2.50 011

R. intravadices 140 311 0.19

T donnell-smithii R.

Control 140 (shoot) 0.74 0.08
140 (root) 0.76 0.07
R. intravadices 140 (shoot) 0.73 0.12
140 (root) 0.94 0.08
T cacao L.
Control 28 1.95 0.27
56 1.77 0.10
140 1.70 0.10
R. intraradices 28 2.62 0.33
56 1.99 0.21
140 1.83 011
C. arabica L.
Control 56 1.98 0.13
140 2.62 0.14
R. intravadices 56 1.88 0.14
140 2.84 0.19

C. canephora P.

Control 140 3.75 0.07

R. intraradices 140 3.55 0.131

Values are the average of four veplications by sampling and treatment.
*Days after sowing.

Table 2.
N, P and Ca content of different tropical species biofertilised with Rhizophagus intraradices under greenhouse
conditions.

In the case of T donnell-smithii, there are important differences between stem
and root, in general, the highest N content was found in the root system. This dif-
ference in symbiosis effectiveness seems to depend more on the interaction with a
soil type and crop conditions than with a particular host [67].

The benefits of transport of other nutrients and water, in addition to phosphorus
to the plant, by mycorrhiza have been reported by several authors [68, 69].

Nowadays, the knowledge of microorganisms and their interaction with
the rhizosphere has demonstrated the importance of symbiosis in the soil-plant
system.

4. Radical colonisation

Plants with R. intraradices showed the highest initial mycorrhizal colonisation
(45%) compared to (19%) in the control. The values of the control fluctuated
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between 4% (C. arabica) and 28% (T. donnell-smithii), in contrast with R. intraradi-
ces, the lowest value was also with C. arabica (18%) and the highest of 63, 57, 61 and
53% in T. donnell-smithii, C. canephora, L. leucocephala and C. odorata, respectively.

The radical colonisation in the controls confirms the presence of other endomy-
corrhizal fungi in the soils used, as part of the regional microbiota, but with less
capacity to stimulate growth. Even though it has been indicated that the symbiosis
lacks taxonomic specificity [70], there is a certain functional compatibility with the
host plant, the substrate and the introduced microorganisms.

On the other hand, in biofertilised species, the speed of colonisation of
R. intravadices is expressed as it has happened also in other annual and perennial
crops [71] and consequently the photosynthetic activity increases after colonisation
[20]. This fact suggests that the increase in the development of the host plant may
be due to a greater capacity to absorb nutrients [32]. By introducing endomycor-
rhizal fungi attached to the seed, they have a greater chance of colonisation when
the radicle emerges, unlike the fungi present in the substrate that may not be in
the same proximity to the root system. However, it is expected that the symbiosis
differs in the levels of colonisation [20] due to the interaction of environmental and
management factors [2]. There are combinations of microorganisms that work best
in a given host plant [70].

At the end of the evaluation (140 days) the percentage of colonisation in the
control was 44% and in the treatment with R. intraradices, the average was 57%.
The degree of benefit of the symbiosis may not be related to the percentage of
colonisation.

5. Conclusions

The biofertilisation of tropical plants with R. intraradices favours the plant
growth by increasing dry weight and the assignment of dry matter of the morpho-
logical and physiological components and the induction of growth is differential in
time with respect to the organs evaluated, in some cases, it promotes greater aerial
and radical growth and in others, it decreases the root system.

There are different periods in the vegetative growth of plants. At the beginning
of the 28 to 56 days, the nutritional benefits are expressed by means of the increase
in growth followed by a period of diminution and to continue in the following ones
with the increase in biomass accumulation.

The content of nutrients such as phosphorus was always higher in the biofertil-
ised plants.
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