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Mycorrhizal symbiosis, a mutually beneficial relationship 
between soil fungi and plant roots, is one of the first 
symbiotic relationships that have evolved on our planet. 
Already more than fifty years ago, Balis in the New 
Zealand observed positive impact of mycorrhizae on the 
phosphorus uptake by the host plant. By observing nature 
around us, but also by controlled experiments, humans have 
gradually discovered many other benefits that mycorrhizal 
fungi bring to host plants. Nevertheless, even today we 
do not know everything about mycorrhiza. Mycorrhizal 
symbiosis is an extremely complicated relationship, and 
a lot of effort has to be made to obtain any new information 
about its functioning. Especially in Turkey, Italy, India and 
other Asian countries many scientists have been dealing 
with mycorrhiza and from year to year, increasing number 
of scientific papers describe the newly found positive effects 
it has on plants, or the possibility of its use in agriculture 
and forestry. Mycorrhizal symbiosis is widespread in nature. 
If we grow a plant in the absence of mycorrhizal fungi, 
we do something unnatural, something that is unusual in 
nature. Majority of plants host mycorrhizal fungi on their 
roots and finding a plant without them is quite difficult. 
As we cross the countryside, we constantly step on an 
invisible underground network of fine fibers (hyphae) of 
mycorrhizal fungi (Gryndler et al., 2004; Koide and Mosse, 
2004). However, in Slovakia, mycorrhiza has not yet become 
known to the growers as much as it deserves. We believe 
that this review could also help to make this issue more 
visible and help to share the latest knowledge about the use 
of mycorrhizal fungi in horticulture.
For vegetable growers, the most important type of 
mycorrhiza is arbuscular mycorrhizal symbiosis. Arbuscular 
mycorrhiza (AM) is the most ancient and widespread form. 

Paleobotanical and molecular sequence data suggest that 
the first land plants formed associations with Glomalean 
fungi from the Glomeromycota about 460 million years ago. 
This is estimated to be some 300–400 million years before the 
appearance of root nodule symbioses with nitrogen-fixing 
bacteria (Finlay, 2008). Intercellular and intracellular fungal 
filaments are characteristic – hyphae and especially specific 
intracellular structures – arbuscules (these are tree-like 
structures that allow the interchange of nutrients between 
the fungus and the plant) and vesicles (cams that store the 
stock for both the fungi and the plant) (Figure 1). According 
to these unique structures, this type of endomycorrhiza is 
also called vesicular-arbuscular mycorrhiza (VAM). Fungal 
organisms that are involved in this symbiosis live exclusively 
in connection with plants and do not form any visible 
structures to the naked eye. These fungi are also referred 
to as biotrophic symbionts that are unable to exist without 
their plant partner and cannot be artificially cultivated in 
vitro (Kavková, 2014).  

The infection of the roots occurs through the inoculum 
which is present in the soil as spores or mycelium. After the 
first mycorrhizal infection, AM fungi are massively spreading 
in root cells and colonize surrounding cells, especially in 
deeper layers of the root cortex and intercellular spaces. 
From the surrounding soil, it leads to further infections of 
root cells and the connection between extramatricular 
mycelium, and mycelium inside the cells is multiplied 
(Mejstřík, 1988). 

Genus Glomus is the largest genera of AM fungi, with 
85 described species. This includes the important species 
such as G. claroideum, G. etunicatum, G. mosseae (e.g. 
Funneliformis mosseae), G. viscosum, G. fasciculatum or the 
most important and used Rhizophagus irregularis (previously 
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known as Glomus intraradices), which 
is also mentioned  in several contexts 
of this article.  Rhizophagus irregularis 
(Glomeromycota) has been found in 
different ecosystems around the world, 
including temperate and tropical 
regions. It is also the first AM fungi from 
which the genome was sequenced 
(Tisserant et al., 2012). 

AM fungi are able to create 
a  symbiosis with most vegetables 
including major crops of different 
families, such as: Alliaceae, Apiaceae, 
Asteraceae, Fabaceae and Solanaceae 
(Baum et al., 2015).  In the cultivation 
of vegetables and other crops with 
AM fungi, it is also recommended  in 
crop rotation to rotate only crops 
that are also able to form mycorrhizal 
symbiosis, which also applies to 
inter-crops.  It is unsuitable to use 
fungicides for mycorrhizal cultivation, 
as along with pathogenic fungi 
we can kill mycorrhizal ones. Too 
frequent application of herbicides and 
insecticides is also unsuitable (Elbon 
and Whalen, 2015).

The importance of mycorrhizal 
fungi against abiotic factors

Drought
Drought is one of the major constraints 
on plant productivity worldwide and 
is expected to increase with climatic 
changes. Several ecophysiological 
studies have demonstrated that AM 
symbiosis is a key component in 
helping plants to cope with water 

Figure 1	 Diagram of a root colonized by AM fungi showing the diagnostic features 
of the fungi
Source: Habte, 2000

have been hypothesized as potential 
mechanisms for the improved drought 
resistance of mycorrhized plants. 
Enhancement of plant stomatal 
control or root water uptake by 
mycorrhizal hyphae, as well as turgor 
maintenance by osmotic adjustment, 
have been documented. At the levels 
of both leaves and roots, the osmotic 
stress usually caused by drought is 
counteracted by mycorrhizal plants 
through biochemical changes that 
mostly include increased biosynthesis 
of metabolites (mainly proline and 
sugars) that act as osmolytes. These 
compounds contribute to the lowering 
of the osmotic potential, and in turn, 
of the leaf water potential. These 
lower potentials allow the plants 
to maintain high organ hydration 
and turgor that sustain overall cell 
physiological activity, mainly related 
to the photosynthetic machinery. AM 
plants withstand drought-induced 
oxidative stress with increasing the 
activities of antioxidant enzymes. 
Mycorrhizal fungi also affect the 
hydraulic conductivity and gas 
exchange in the root and leaves. 
Molecular mechanisms activated by 
AM symbiosis to counteract drought 
include gene activation of functional 
proteins, such as the membrane 
transporter aquaporins (Bethlenfalvay 
and Linderman, 1992; Candido et al., 
2015; Rapparini and Peñuelas, 2014). 
Rob (1985) also stated that mycorrhizal 
plants restored their normal functions 
after a temporary shortage of water 

stress and in increasing drought 
resistance (Figure 2). The alleviating 
effect of AM symbiosis in response to 
drought generally relies on the positive 
effects of AM fungi on the uptake and 
transport of water and on an improved 
uptake of nutrients, especially of 
available soil phosphorus (P) and other 
immobile mineral nutrients, resulting 
in the hydration of plant tissues, 
a  sustainable physiology and a clear 
promotion of growth (Rapparini and 
Peñuelas, 2014).

An increased root length and 
density or an altered root system 
morphology (Fig. 3), as enhancing 
soil exploration and water extraction, 

Figure 2	 Pepper plant with AM fungi on the right and non-AM plant on the left
Source: Davies, 2016
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as large as in non-AM plants. AM 
ameliorated the negative influence 
of salinity stress which enhanced 
the activity of antioxidant enzymes 
such as catalase (CAT) and peroxidase 
(POD). What is more, AM inoculation 
further improved their activity, thus 
strengthening the defense system 
of plants (Heikham, Rupam and 
Bhoopander, 2009; Mohsen and Abdel-
Rahman, 2016; El-Sarkassy, Ibrahim and 
Desoky, 2017). A good example would 
be Al-Karaki (2013), who observed 
greater size and weight of the root dry 
matter during salt stress, as well as the 
overall increased yield of tomato fruits 
in terms of both weight and quantity, 
for mycorrhiza plants, as in any variety 
of non-mycorrhiza tomato plants. 
Heikham, Rupam and Bhoopander 
(2009) reported improved growth, 
yield, water status, nutrient content 
and fruit quality of the pumpkin plant 
colonized with the species of the 
genus Glomus sp under salt stress. 
El-Sarkassy Ibrahim and Desoky (2017) 
also mentioned that application of 
mycorrhiza gave positive effect and 
enhanced all growth parameters of 
pepper plant at all levels of salt stress 
(2,000 ppm and 4,000 ppm), thus 
acting as a growth stimulant. 

Heavy metals
Hildebrandt, Regvar and Bothe 
(2007) indicated that in the vegetable 
production, particularly Glomus 
intraradices isolates proved to be 
successful. Under conditions of 
optimal root infection they can provide 
protection against several heavy metals 
in the soil for many plant species. But 
until recently, it could not have been 
distinguished, whether elements in 
the inner root parenchyma cells were 
deposited in the fungal cells, plant 
cells or both types. Very recent results 
obtained from electron-dispersive 
X-ray spectrometry (EDXA) showed 
that Zn, Cu and Cd accumulated in the 
cell wall and in electron-dense granules 
in the cytoplasm of the fungi while 
their cytoplasm itself was essentially 
free of these elements. Other studies 
showed that glomalin produced 
by AM fungi and in large quantities 
released into the soil is also capable 
of immobilizing a significant amount 
of metal (Seguel, 2014). Increased 
tolerance to Cd stress was observed 
in carrots with inoculated AM fungi of 

Figure 3	 Root inoculated with Funneliformis mosseae under drought stress
Source: Wu and Zou, 2017

drought stress - Funneliformis mosseae drought stress + Funneliformis mosseae

faster than non-mycorrhizal plants. He 
assumed that the cause was to reduce 
the resistance on the water transport 
pathways.

In addition, AM symbiosis can 
increase the resistance of plants 
to drought through secondary 
actions such as the improvement of 
soil structural stability that in turn 
increases the retention of soil water. 
For example, Tauschke et al. (2015) 
indicated a positive effect on corn, 
soybeans, onions or lettuce in their 
study. Hazzoumi et al. (2015), during 
their research, reported that basal 
plants inoculated with G. intraradices 
showed better growth than non-
inoculated during drought stress, 
while mycorrhiza improved growth of 
the overground parts of the plant by 
51% and the root part by up to 130%.

Soil salinity
To deal with saline soils and minimize 
crop loss, scientists have searched for 
new salt-tolerant crops or varieties or 
breaded salt-tolerant cultivars through 
breeding etc. However, biological 
processes such as mycorrhizal 
application to alleviate salt stress could 
be a better option. AM fungi have been 
reported to promote plant growth and 
salinity tolerance by many researchers. 
It is found to vary with the isolates of 
fungus and species of plants (Heikham, 
Rupam and Bhoopander, 2009). 
Several authors reported (Heikham, 

Rupam and Bhoopander, 2009; 
Baum et al., 2015) that mycorrhizal 
fungi promote salinity tolerance by 
employing various mechanisms, such 
as enhancing nutrient acquisition, 
producing plant growth hormones, 
improving rhizospheric and soil 
conditions, altering the molecular 
(changes in gene expression and 
ultrastructural changes), biochemical 
(accumulation of antioxidants, proline, 
betaine or soluble carbohydrates) 
and physiological (photosynthetic 
activity, relative permeability, water 
relation or nodulation and nitrogen 
fixation in vegetables) properties of 
the host. In addition, AM fungi can 
improve host physiological processes 
like water absorption capacity of 
plants by increasing root hydraulic 
conductivity and favourably adjusting 
the osmotic balance and composition 
of carbohydrates. This may lead 
to increased plant growth and 
subsequent dilution of toxic ion effect. 
At experiments on soybean, bean, and 
vigna plants, mycorrhizal plants have 
been found to have a significantly 
increased accumulation of proline, 
non-toxic and protective osmolyte, 
which helps the plant maintain osmotic 
balance at low water potentials and 
acts as a reservoir of energy and 
nitrogen during salt stress. At higher 
salinity levels, the glycine betaine 
(quaternary ammonium compound) 
content in AM plants was about twice 
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Glomus intraradices. In this case, the 
concentration of polyamines in the 
roots was also measurably reduced 
(Baum, El-Tohamy and Gruda, 2015). 
Hildebrandt, Regvar and Bothe (2007) 
demonstrated the buffering effect of 
mycorrhizal colonization on pea and 
barrelclover plants under stress from 
Cd.

Cold
The impact of mycorrhiza on cold stress 
is the subject of many scientific studies. 
For non-AM plants there have been 
observed a decrease in photosynthetic 
activity due to the stress, but for 
AM plants the same photosynthetic 
activity proved no stress conditions. 
They conclude that in mycorrhizal 
plants the photosynthetic apparatus 
was less damaged due to stress, 
which also affects the tolerance of the 
plant. Oxidation of membrane lipids 
is a reliable indicator of uncontrolled 
production of free radicals, and thus 
oxidative stress. In case of plants 
without mycorrhiza, this oxidation was 
higher. For mycorrhizal plants, MDA 
content has increased only minimally 
or not at all. As a result, antioxidant 
protection was higher in AM plants 
than in non-AM. It indicated that 
vaccination with AM fungi results in a 
well-established defense mechanism 
against cold, and that the alleviation 
of oxidative stress can be an essential 
part of the real effect of symbiosis 
(Pedranzani et al., 2015). 

Physical properties of the soil
AM fungi are considered as key 
determinants of soil quality. They 
develop an extensive network of 
external fungal filaments (hyphae) 
that act as an extension of the root 
absorbing area. Furthermore, AM 
fungi may play a role in the formation 
of stable soil aggregates, building up 
a macroporous structure of soil that 
allows penetration of water and air 
and prevents erosion, but also through 
elimination of sticky substances, 
such as the glycoprotein – glomalin, 
which bonds the soil particles into 
microaggregates, and then to more 
stable ones. As a result, inoculations of 
disturbed areas with mycorrhizal fungi 
could have a dual benefit: helping 
naturally indigenous or cultivated 
plants and improving soil stability 
macroaggregates (Figure 4) (Al-Karaki, 
2013; Vogelsang et al., 2004). 

The importance of mycorrhizal 
fungi 

against biotic factors
In addition to causing non-target 
effects, chemical pesticides are 
becoming more expensive year 
after year, loosing their effectiveness 
as a  result of co-evolution and 
development of resistance to 
pathogens. Most of the new generation 
pesticides are systemic in their mode 
of action and leading to certain level 
of toxicity in the plant system and thus 
hazardous to health. Furthermore, they 

Figure 4	 Mycorrhizal fungi filaments (hyphae) which enhance soil aggregation and 
play an important role in soil structure development
Source: Al-Karaki, 2013

disturb the ecology of the microbial 
diversity in ecosystem and thus the 
whole environment. Therefore, many 
scientists have been currently working 
to find various alternative forms of 
vegetable protection against pests 
and pathogens. One of these, and 
not poorly observed, is mycorrhizal 
protection. Mycorrhiza inoculation has 
additional advantages as it is effective 
even against soil-borne pathogens, 
which are difficult and expensive to 
manage through chemical and physical 
treatments. Hence, mycorrhization has 
been proposed as an alternative for the 
management of soil-borne pathogens 
while AM fungi, such as biocontrol 
of plant diseases (biopesticides) are 
recommended by more and more 
experts and researchers in horticulture 
(Sharma et al., 2004).

Many studies have shown that 
AM fungi improve plant’s resistance 
that consequently reduces incidence 
as well as severity of plant diseases 
caused by a  wide range of attackers 
including viruses, bacteria, nematodes 
and fungi. Although well defined direct 
mechanisms are still unclear, several 
indirect mechanisms have been 
proposed by a number of researchers 
for increasing bioprotective ability 
of mycorrhizal plants (Singh and Giri, 
2017). 

AM fungi are known to improve 
plant growth and nutrient absorption 
and physiological responses of the host 
to environmental stresses resulting 
in more resistance or tolerance to 
pathogen attacks. These mycorrhiza-
induced compensatory processes may 
explain the increased tolerance of 
mycorrhizal and P fertilized plants as 
they can compensate for loss of root 
mass or function caused by pathogens, 
including nematodes. Thanks to the 
influence of AM fungi on growth, 
absorption area and cellular processes 
in the roots, plants can compensate 
for losses of plant root mass and its 
functions caused by pathogens or 
nematodes. It has been suggested 
that nematode pathogens, on the 
other hand, require host nutrients for 
reproduction and development and 
direct competition with AM fungi has 
been hypothesized as a mechanism of 
their inhibitors. Since AM fungi, soil-
borne fungal pathogens, and plant 
parasitic nematodes occupy similar 
root tissues, direct competition for 
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space has been postulated as a mechanism of pathogen 
inhibition by AM fungi (Sharma et al., 2004). 

It is also important to remember that an indigenous 
fungus adapted to specific edifying conditions has the ability 
to survive and colonize plant roots better than a non-native 
species under similar conditions. It also has a greater inculcation 
potential and competitive ability (Gopal et al., 2015).

Singh and Giri (2017) reported many cases in which the 
positive effect of AM fungi on different types of vegetable 
pathogens has been demonstrated: effect on different 
pathogenic fungi such as: Alternaria solani or Botrytis cinerea 
on tomatoes; Phytophthora capsici on pepper; Phytophthora 
parasitica on tomatoes; Phytophthora nicotianae on 
tomatoes; Phytophthora sojae on soy; Pythium ultimum on 
cucumbers; Rhizoctonia solani on potatoes or tomatoes; 
Sclerotium cepivorum on onion. In the context of bacterial 
diseases, they mentioned positive effects on: Pseudomonas 
syringae pv. glycine on soy; Ralstonia solanacearum and 
Stolbur phytoplasma on tomatoes. As for nematodes, 
the following was presented: Heterodera glycines on soy; 
Meloidogyne hapla on tomatoes; Nacobbus aberrans and 
Rotylenchulus reniformis on tomatoes; but especially many 
Meloidogyne incognita studies on tomatoes. 

Additionally, the magnitude of the AM-induced decline 
in disease severity/nematode suppression ranged from 30 
to 42% and 44–57% for fungal and nematode pathogens 
respectively, irrespective of pathogens’ identity or lifestyle 
suggesting that through AM fungi, plants possibly receive 
similar protection from all pathogens rendering AM 
formulations a potentially broadly effective biocontrol 
agent (Singh and Giri, 2017).

A suitable example would also be asparagus inoculated 
with AM fungi producing more shoots, and more dry matter 
in shoots and roots. Moreover, six weeks after the artificial 
infection of plants with Fusarium, root rot symptoms were 
manifested by only 20% of seedlings inoculated with Glomus 
sp. R10, while for non-AM plants, the symptoms were shown 
in up to 90% of plants. Similar experiments were made with 
pre-planted cucumber seedlings or roots of carrots, in which 
mycorrhiza fungi limited pathogen growth only to the outer 
bark of the roots (Sharma et al., 2004).

Conclusions
Recently, the use of mycorrhiza in vegetable production is 
addressed by many scientists, while there is also a gradually 
growing interest of farmers in practice. It can be concluded 
that inoculation of vegetables with arbuscular mycorrhizal 
fungi is a cultivation technique, which, when properly 
used, can protect plants against adverse abiotic factors, 
especially stress from drought, cold, salt soils, etc., but they 
also contribute to the protection of plants against various 
soil pathogens (bacteria, nematodes or insect pests). 
However, arbuscular mycorrhizal fungi also have a positive 
effect on physical properties of soil and its overall fertility, 
thus improving the conditions for growing the vegetables 
themselves. The use of AM as biopesticides has not only an 
impact on plant health, but also indirectly on the protection 
of the environment and our health as it reduces the need 
for harmful chemical pesticides. However, in order for the 
mycorrhiza itself to occur, it is necessary to know where and 
under what conditions we can apply the inoculum. 
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