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ABSTRACT

Mycobization involves the inoculation of agronomically important crops with different
functional groups of fungi. Taking into consideration that phosphorus (P) is an essential
nutrient for plant growth and that most soils show a deficit in assimilable P, in this chapter we
will evaluate the interactions between fungi able to solubilize P from insoluble sources such as
phosphoric rock, and fungi able to mobilize known phosphates such as arbuscular mycorrhiza-
forming fungi. Mycobization represents a low-cost technological tool that does not have a
negative impact for systems of intensive use such as organic orchards.

INTRODUCTION

At the beginning of the twentieth century, agricultural products provided food to a world
population of about 1200 million people, whereas nowadays they do for a population of about
6000 million. Due to the increasing population growth rate -which is about 60 million
people/year-, by 2020 the population will be around 8000 million. Some projections indicate
that by then the world production of the main crops will have to be increased by about 700
million tons. The speed of these changes leads to the need to pay attention to the consequences
brought about by this demand, such as the massive use of agrochemicals, which, in turn do not
allow the maintenance of soil productivity.

The stability and productivity of an agroecosystem or of a natural system depend, to a large
extent, on the quality of the soil, not only to obtain profitable crops, which guarantee the
sustainability of the agroecosystem, but also to minimize the environmental impact [1].

In the past, much attention was paid to investigate the physical and chemical components of the
soil [1], whereas little attention was paid to its biological properties. However, in the last years,
more studies have emphasized the importance of keeping a diverse and active microbial
community [2, 3], in order both to guarantee the quality of the soil and to obtain greater
amounts of economical and healthy foods [4].

Microorganisms populations are involved in a net of interactions that affect soil-plant
development, and some of the beneficial activities of the microorganisms can be exploited as
low-cost biotechnological tools to solve sustainability problems [2]. The development reached
by means of these biotechnological techniques has opened new possibilities to produce a wide
range of different products. Currently, there are applications related with human health,
feeding and agriculture, and industrial and mining processes, which take care and preserve the
environment.

Among beneficial soil organisms, we can mention arbuscular mycorrhiza fungi that belong to
the phylum Glomeromycota [5], which form a universal symbiosis established with more than
80% of plant species, including most agricultural and horticultural crops, and herbaceous and
arbustive species in natural ecosystems [6].

Arbuscular mycorrhizal fungi are key components in all ecosystems, not only because of the
biomass they provide to the soil, but also because they are closely related to processes that take
place in the rhizosphere, establishing synergic relationships with other microorganisms that
benefit the plant. They act actively in the uptake and translocation of nutrients, especially of
phosphorus, benefiting both plant growth and production. In addition, they provide greater
tolerance to pathogens, thus contributing to the plant’s health. They decrease the incidence of
diseases due to changes in the immunological system and to a better nutritional state [7]. As a
result, mycorrhized plants frequently exhibit an increase in the growth, production and survival
as compared to non-mycorrhizal ones.



Considering all the beneficial aspects mentioned, arbuscular mycorrhizal fungi are potentially
useful as inoculants to achieve a sustainable production, and substantially decrease the need for
agrochemicals and guarantee the ecological equilibrium.

At a commercial scale, important benefits can be derived from their use, including a better plant
growth and greater production, an improvement in the uniformity of the crop, a reduction in
phosphorous fertilization, a decrease in root damage, and a reduction in harvest time and
environmental stress.

POTENTIAL HOST PLANTS

As previously mentioned, arbuscular mycorrhizal fungi have an extremely wide range of host
plants, although not all plants present the same degree of mycorrhizal dependence. Janos [§]
defined mycorrhizal dependence as “the inability of plants without mycorrhizas to grow or
survive without some increase in soil fertility”.

Mycotrophic plants differ in their colonization percentages. Some crops, such as sweet potato,
soybean, maize, sorghum, barley, sugarcane, tobacco, cotton, and cacao, frequently exhibit high
colonization rates under natural conditions. Other crops such as wheat, beans, coffee and
tomato can have more moderate colonization rates. In addition, some small intraspecific
differences can be observed in the colonization percentages between different ecotypes,
cultivars or clones of the same crop. Additionally, the environmental conditions also affect the
formation of arbuscular mycorrhizas and/or the root extent. For instance, crops with high
supplies of fertilizers rich in nitrogen, phosphorus and potassium, inhibit mycorrhizal
development.

Although most agricultural crops are potential host plants for arbuscular mycorrhizal fungi,
their use as biofertilizers is limited by several reasons: one of them is that most agricultural soils
present a varied and abundant mycorrhizal biota, generally adapted to the crop’s condition,
which can compete until eliminating the biological inoculant added. Due to the large extensions
of cultivated areas, in order to guarantee a successful colonization, it is necessary to apply a
great amount of inoculant to prevent its dilution; besides, as previously mentioned, it should be
considered that if the system has important supplies of phosphorus, this will either decrease or
inhibit the colonization.

Instead, their use is mainly restricted to horticultural crops and to diverse plants that either
propagate by stolons or micropropagate -aromatic and ornamental plants- and share one
characteristic: they go through a pot period where the inoculation strategies are simpler,
environmental variables can be controlled, and a starter substrate completely free of
microorganisms can be selected in order to guarantee a successful colonization.

THE USE OF PHOSPHORUS IN THE SOIL

Phosphorus is the most important plant growth-limiting nutrient in soil besides nitrogen. It is
estimated that 5.7 billion hectares in the world do not contain the necessary amounts of
available phosphorus to sustain the productivity of their crops [9].

Phosphates in the soil are present under three forms: 1) soluble inorganic phosphorus in the soil
solution, 2) insoluble inorganic phosphorus in crystalline nets, and 3) phosphorated organic
compounds such as phytate [10]. They are relatively immobile and diffuse slowly to the plant
roots [11] and capture phosphorus at a greater speed than that at which the nutrient diffuses. In
soils with a low availability of phosphorus, this generates areas of depletion around the roots
[12], which is a critical problem for the uptake and cycling of nutrients in soil-plant systems [5].
Here is where the mycorrhizal activity is centered, since the external hyphae can explore a
higher volume of the soil, overcoming the depletion areas (Fig. 1).

It is important to point out that both mycorrhized and non-mycorrhized roots absorb
phosphorus from the same pool available in the soil [13, 14, 15]. Mycorrhizal fungi are not able
to solubilize the non-available forms of phosphorus, but can increase its absorption by
providing them a greater exploration of the soil through the external mycelium. On the other
hand, mycorrhizal hyphae have a higher affinity for phosphate, as expressed in the Michaelis-
Menten equation by a lower Km value, and absorb phosphorus at lower solution concentrations



than roots do [16].

As regards phosphate cycling, two general types of microbiological processes have been
described: 1) those that promote the solubilization of non-soluble phosphorus sources in the soil,
and 2) those that increase the uptake of soluble phosphates around the plant. The former is
carried out by solubilizer microorganisms, among which there is a great number of phosphate-
solubilizing bacteria [17], actinomycetes [18] and fungi [19]. These organisms are capable of
solubilizing the phosphate content in minerals by means of secretion of carboxylic acids,
enzymes and bacterial mucilage [19, 20, 21]. The second mechanism is carried out by means of
mobilizing microorganisms, which are basically arbuscular mycorrhiza-forming fungi [7].
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Fig. 1 Phosphorus cycle in the soil. The values are estimative percentages in the mineral soil.
INTERACTIONS IN THE MYCORRHIZOSPHERE

In the soil, the populations of microorganisms concentrate around the roots, stimulated by root
excretions and exudates. In this area defined as the rhizosphere [22, 23, 24, 25], there is an
increase in the activity of microorganisms such as bacteria, saprotrophic fungi, pathogens, and
symbionts, which are involved in a wide range of important functions involved in plant growth.
The development of the rhizosphere is a dynamic process that incorporates physical, chemical
and biological modifications that occur in the root-soil interphase. An important consequence of
the increase in microbial activity of the rhizosphere derives from the ability of microorganisms
to alter the availability of nutrients for the plant.

The interactions that occur at the soil-root interphase are essential to understand the dynamics
of the processes that are characteristic of the rhizosphere [26, 27]. A great number of
microorganisms of the rhizosphere develop activities that alter the availability of nutrients and
act synergistically with mycorrhizal fungi to increase plant growth. These interactions are
critical because they regulate the formation and development of mycorrhizas, which, in turn,
can affect the microbial population of the rhizosphere. This deserves special attention for the
development of biotechnological techniques that make use of the microorganisms of the
rhizosphere.

Below we will detail some of the most relevant interactions between arbuscular mycorrhizal
fungi and microorganisms of the rhizosphere.



Saprotrophic fungi

Saprotrophic fungi from the soil that inhabit in the rhizosphere interact with arbuscular
mycorrhizal fungi in different ways, and can have either positive, negative or neutral effects in
the establishment and later development of the symbiosis. Understanding this synergism is
extremely important because mycobization -co-inoculation of selected strains of saprotrophic
and mycorrhizal fungi- in agriculturally important host plants might favor faster root
colonization and thus benefit plant nutrition. On the other hand, the selection of saprotrophic
fungi with inhibitory effects on the mycorrhizal symbiosis may allow a greater control on the
quality and purity of a mycorrhizal inoculum.

Numerous investigations have evaluated the interaction between mycorrhizal and saprotrophic
fungi. However, there are only few studies about the synergistic effect between yeast and
arbuscular mycorrhizas in spite they are two important components in the microbial
communities of the soil. Singh et al. [28] studied the effects of inoculation with the commercial
yeast Saccharomyces cerevisine Hensen in leguminous plants (Leucaena leucocephala, Glycine max,
Cajanus cajan, Phaseolus mungo, P. aureus and Vigna unguiculata) growing on a substrate with
native arbuscular mycorrhizal fungi. They evidenced a significant increase in plant biomass, as
well as an increase in the parameters of the mycorrhizal colonization, in the number of spores
and the formation of arbuscules and vesicles in the presence of S. cerevisiae. Fracchia et al. [29],
on the other hand, found that the yeast Rhodotorula mucilaginosa (Jorg) Harrison stimulated
hyphal growth of Glomus mosseae (Nicol. & Gerd.) Gerd. & Trappe and Gigaspora rosea Nicol. &
Schenk and that the exudates produced by R. mucilaginosa increase the colonization of soybean
by G. mosseae and of red clover by G. rosea.

Fracchia et al. [30] also investigated different combinations between the saprotrophic Fusarium
oxysporum Schlecht. Fr. and several species of arbuscular mycorrhizal fungi such as G. mosseae,
G. fasciculatum Gerd. & Trappe, G. intraradices Schenk & Smith, G. clarum Nicol. & Schenk and G.
deserticota Trappe, Bloss & Menge on agricultural (maize, sorghum and wheat) and horticultural
(lettuce, tomato, lentil and pea) crops. They found that F. oxysporum influences the mycorrhizal
colonization and the growth response in host plants, but that this capacity varies depending on
the plant and mycorrhizal fungus studied. These results suggest a direct interaction between
saprotrophic and mycorrhizal fungi.

Phosphorus solubilizers

In the soil, there are also different microorganisms and other fungi capable of solubilizing
phosphates, as well as of increasing the absorption of phosphorus in the plant [31].

Velazquez et al. [32] have proposed the term “Mycobization” to denominate the inoculation of
plants with different functional groups belonging to the Kingdom Fungi, as is the case of the co-
inoculation with solubilizing saprotrophs and mobilizing symbiotic biotrophs.

The combined inoculation of arbuscular mycorrhizal fungi and phosphorus-solubilizing
microorganisms has allowed a better absorption of native phosphorus and of the phosphorus in
the rock phosphate [33, 34]). Rock phosphate can be a fertilizer of effective agronomic use and
low cost mainly in highly meteorized acid soils, since it provides phosphorus and calcium, two
elements that are generally lacking in these soils [35, 36, 37]).

Numerous studies involve the use of rock phosphate as a source of phosphorus. For instance,
Graham & Timmer [38, 39]) have evaluated the interaction of the arbuscular mycorrhizal
fungus G. intraradices in different citrus trees (citrange, lemon rouge and orange sour), with
different levels of superphosphate and rock phosphate. They demonstrated a more significant
growth of the plants fertilized with rock phosphate, being this form of P more permanent and
available for a longer time than the P supplied in the superphosphate.

On the other hand, Omar [40] evaluated the capacity of solubilizing P from rock phosphate of
the geofungi Aspergillus niger van Tieghem and Penicillum citrinum Thom, in wheat plants
inoculated with the mycorrhizal fungus Glomus constrictum Trappe. Positive effects were
recorded in plant growth and content of phosphorus in those plants co-inoculated with G.
constrictum and A. niger or P. citrinum and in those in which rock phosphate was used as the



phosphorus source.

In addition, increases have been recorded in the growth of wheat plants growing in a sandy
substrate with a deficit in nutrients when inoculated with two phosphoric rock-solubilizing
microorganisms -Bacillus circulans Jordan and Cladosporium herbarum Link: Fries- with a
mycorrhizal fungus belonging to the Glomus genus [41].

The combination of rock phosphate, arbuscular mycorrhizal fungi and phosphorus-solubilizing
fungi presents an interesting alternative to the use of fertilizers worldwide [32, 33, 42].

Due to the importance of microbial solubilization and phosphorus mobilization processes,
Cabello et al [33] evaluated the effects of the co-inoculation of G. mosseae -a symbiont biotroph-
and P. thomii Maire -a solubilizing saprotrophic fungus- in the growth of Mentha piperita L.
plants and the percentage of root mycorrhizal colonization along two harvest times. This
experiment involved a series of five treatments on perlite:vermiculite (inert substrate) with
different fungal combinations, rock phosphate and non-inoculated controls. It was found that P.
thomii neither affected nor stimulated the capacity of G. mosseae for colonizing roots (Table 1).
The maximum growth in both non-inoculated plants and plants inoculated with G. mosseae and
rock phosphate was observed after the first harvest (Table 2). These results are in agreement
with those found by Graham & Timmer [38], where the maximum values of growth were
recorded at the moment in which phosphorus was added to the medium. The fact that biomass
increased in mycorrhized plants after the first harvest represents important economic and
agroeconomic benefits, since M. piperita is a perennial plant that can be harvested up to four
times along its life cycle.

On the other hand, the phosphorus present in the plant tissues was greater after the first harvest
in all the treatments. It was also observed that phosphorus was solubilized in both the
mycorrhized and the non-mycorrhized root systems without the solubilizing fungus. This
confirms that the abiotic factors can solubilize part of the P present in the system [43]. The roots
can also contribute to the mobility and bioavailability of the phosphorus in the rhizosphere by
means of the induction of areas of depletion/accumulation of phosphorus,
acidification/alkalinization and exudation of organic acids/anions [9].

R.P +Gm R.P+Gm + Pt
Colonization 9 a 95 a
Hyphae 27 a 23a
Arbuscules 31a 64 a
Vesicules 14.6 a 4b

Table 1. Percentage of root colonization, hyphae, arbuscules and vesicules. Gm, Glomus mosseae; Pt,
Penicillum thomii; RP, rock phosphate. Values are means + SD for three pots. The same letter above the bar
indicates that values did not differ significantly between treatments according to ANOVA and LSD test
(P<0.05). (Adapted from Cabello et al. [33]).

pv p:v+RP p:v+ RP +Gm p:v+ RP +Pt p:v+RP+Gm+Pt
I° II° I° I1° I° I1° I° II° I° II°
Dry weight 2.14a | 1.90a | 5.84c | 2.45a | 4.42ab | 6.54b 3.66b | 4.72ab | 4.59bc | 4.74ab
(g/plant)
P substrate 39a |3.75a | 12.2a | 16.36b | 11.4a | 12.74ab | 37.03c | 18.26c | 64.83b | 40.19b
(mg/kgsubstrate)

Table 2. Dry weight in plant and P content in substrate (I°: first harvest and II°: second harvest). p:v
(perlite:vermiculita); RP (rock phosphate); Gm (Glomus mosseae) and Pt (Penicillum thomii). Values are
means + SD for three pots. The same letter above the bar indicates that values did not differ significantly
(Adapted from Cabello et al. [33]

Velazquez et al. [32] combined the use of rock phosphate as a source of phosphorus, G. mosseae
as a mobilizing microorganism, and Aspergillus niger as a solubilizer, in Lycopersicon esculentum



Mill plants. The experiments involved different treatments developed on a
perlite:vermiculite:sand substrate (inert substrate) with different fungal combinations, rock
phosphate and non-inoculated controls. They found that the number of G. mosseae spores was
significantly different between treatments: the treatment inoculated with G. mosseae and
without rock phosphate presented a higher number of spores, whereas the treatment inoculated
with G. mosseae and rock phosphate evidenced the lowest value in the number of spores (Table
3). This result correlates with the nutritional deficit of the host plant, also reflected in the growth
parameters evaluated and the low content of phosphorus in the aerial biomass. In conditions of
nutritional stress, the flow of carbohydrates from the plant to the fungus decreases, and, as a
consequence, sporulation is stimulated. Mycorrhizal colonization was positive in all the
treatments inoculated with G. mosseae, although the colonization rates decreased when the
content of P in the soil increased.

This negative correlation between the availability of phosphorus and the mycorrhizal
colonization has been well documented [7]. A greater aerial biomass in the co-inoculated
treatments, either with or without the application of rock phosphate has also been recorded (Fig.
2). The greater values of phosphorus concentrations in the substrate were obtained in the
treatment where rock phosphate and the solubilizer A. niger was added, thus confirming the
solubilizing capacity of this microorganism.

This work confirmed the synergistic effects between mycorrhiza-forming fungi and solubilizing
microorganisms. It is also important to point out that the solubilizing capacity of the
microorganisms tested in vitro does not always reflect the potential solubilizing capacity of
these microorganisms in field conditions [19, 44].

Treatment N° of spores/100 g dry substrate  Percentage root colonized
Control - -

Gm 1496 a 40% ab

An + Gm 738 Db 50% a

RP + Gm 421 Db 41% ab

RP + An - -

RP + An + Gm 598 b 32% b

Table 3. Number of spores in 100 g dry substrate and percentage of root colonization. Gm, Glomus mosseae;
An, Aspergillus niger; RP, rock phosphate. Treatment number between brackets. Values are means + SD for
five pots. The same letter above the bar indicates that values did not differ significantly between
treatments according to ANOVA and LSD test (P< 0.05). (Adapted from Velazquez et al. [32].
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Figure 2. Aerial dry weight in tomato plants. Gm, Glomus mosseae; An, Aspergillus niger; RP, rock
phosphate.Treatment number between brackets. Values are means + SD for five pots. The same letter
above the bar indicates that values did not differ significantly between treatments according to ANOVA
and LSD test (P< 0.05). (Adapted from Velazquez et al. [32]).

In both M. piperita - G. mosseae - P. thomii and L. esculentum - G. mosseae - A. niger systems, the
synergism between P-mobilizing and P-solubilizing microorganisms allowed the increment of P
content in both plants (Fig. 3). It can be observed that co-inoculation of G. mosseae - A. niger was
more effective in increasing P contents in the plant than the co-inoculation with G. mosseae - P.
thomii, for which it is important to point out that each soil-plant-fungus system requires special
attention.
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Figure 3. P content in M. piperita and L. esculentum plants. RP (rock phosphate), Gm (G. mosseae),
MS (solubilizing microorganism). (Adapted from Cabello et al. [33], Veldzquez et al. [32]).

FINAL CONSIDERATION

Considering that P is an essential nutrient for plant growth and taking into consideration that
most soils are deficient in assimilable phosphorus, this review highlights the most important



achievements related with the interactions between rhizospheric, P-solubilizing and P-
mobilizing microorganisms and their potential as biofertilizers. Mycobization is a low-cost
technological tool that does not have a negative impact on systems of intensive use such as
organic orchards. However, further studies are necessary to evaluate the effects of mycobization
in large-scale extensive crops in soils with a nutritional deficit under different agroclimatic
conditions. In a first stage, we should evaluate the potentiality of the native microbiota in each
environment in order to manage it by means of appropriate agronomical practices, without
introducing foreign microorganisms, and thus be able to obtain a sustainable production and
guarantee either a low or no environmental impact.
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