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ABSTRACT
Objective: Stevia rebaudiana Bertoni is a crop that can meet the demand for natural sweeteners; however, 
this demand requires a sustainable production, as a result of the inclusion of its steviol glycosides or active 
ingredients in the food and pharmaceutical industries.  
Design/methodology/approach: Modern agriculture implies the integrated use of valid natural resources, 
such as the arbuscular mycorrhizal fungi (AMF). These microorganisms establish a symbiotic relationship 
with, at least, 80% of the plants, to which they provide multiple benefits. They can directly and indirectly 
improve crop productivity, through nutrient (particularly, phosphorus) translocation of the soil solution.  
Results: As a sustainable alternative for the production of S. rebaudiana, they improve its nutritional state, 
resulting in a higher biomass production and glycoside concentration —fundamental yield parameters. 
Additionally, they promote resistance to biotic and abiotic stress factors and improve soil quality.  
Limitations/implications:  It is worth mentioning that this fungi-plant mutualism is approximately 400 
million years-old; however, it has only aroused interest during the last few years. 
Findings/conclusions:  Although arbuscular mycorrhizal fungi (AMF) are an exploitable resource, their 
communities are threatened by biotic factors —such as the interaction with other microorganisms— and 
abiotic factors —which involve bad agricultural practices.
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INTRODUCTION
	 Crop phytosanitary and nutrient management is usually based on the use of 
agrochemicals, with the aim of achieving a maximum exploitation of the crop’s productivity; 
this practice requires knowledge about the agricultural needs of the plant species. However, 
the irrational use of these products creates problems in the agricultural 
sector, such as pollution, soil infertility, salinity, pest resistance, 
etc. (Amekawa, 2009). Sustainability is the new development 
trend for food production. 
Modern agriculture is adopting 
biotechnical feasible tools to 
achieve a sustainable production, 
through the application of 
beneficial microorganisms, both 
for the plant and for the soil. These 
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microorganisms have similar effects than agrochemicals and can replace them or reduce 
their use ( Jeffries et al., 2003).
	 Soil microorganisms are an important ingredient; some groups are more studied than 
others, as a result of the benefits they provide to crops. This review highlights the multiple 
benefits that arbuscular mycorrhizal fungi (AMF) —considered a feasible alternative for 
sustainable agriculture— provide to plants.
	 Mutualistic symbiotic relationships are 400-million-year-old (Bonfante and Genre, 
2008). Currently, the AMF establish symbiosis with at least 80% of the plant species 
(Vierheilig, 2004). However, in an evolutionary context, plants evolved with the help of 
arbuscular mycorrhizae relationships (Simon et al., 1993), as a result of a most interesting 
peculiarity of the AMF: they are forced symbionts, i.e., they need a host or phytosymbiont 
to survive and they require a compatible relationship that provides a mutual benefit 
(Harrison, 1997).
	 During the last few years, the successful inoculation of plants of agricultural interest 
with AMF has been proved to promote growth and enhance the yield of the plant, as a 
result of an improvement in nutrient absorption.
	 This positive effect has also been achieved in Stevia rebaudiana Bertoni (Giovannini et al., 
2020; Tavarini et al., 2018; Mandal et al., 2013). This plant was introduced to Mexico mainly 
as a consequence of the demand for natural sweeteners, which diabetics can consume; 
they also replace synthetic sweeteners which cause health problems. Additionally, after its 
approval as food sweetener in several countries, Stevia rebaudiana Bertoni has acquired a 
high exportation potential. Its intense sweetness and medicinal properties have made it a 
topic of scientific and commercial interest. The importance of S. rebaudiana is also based 
on the fact that its leaves have a zero-calorie compound that is over 300 times sweeter than 
sucrose. This compound is made up of steviol glycosides (SG) (stevioside, steviolbioside, 
rebaudioside-A, B, C, D, and dulcoside-A) (Tavarini et al., 2015), which are biosynthesized 
in a chain reaction from the pyruvate and the glyceraldehyde 3-phosphate (Brandle and 
Telmer, 2007; Mandal et al., 2015). Among these glycosides that can be found in the leaves 
of the plant —which makes the leaves sweet—, stevioside and rebaudioside-A make up the 
highest proportion (80%).
	 The leaves of S. rebaudiana have a great proportion of its SG content; therefore, its 
production is mainly focused in the amount of biomass and SG content.
	 In this context, the main benefit of the AMF is phosphorus translocation, a key element 
in the SG biosynthesis. Most researches have focused on the improvement of those two 
important parameters. Mandal et al. (2013) evaluated the effect of Rhizophagus fasciculatus 
(Thaxt) on yield and SG concentration. The interaction improved the biomass and the 
stevioside and rebaudioside-A concentration. Tavarini et al. (2018) used R. irregulare to 
modify the growth habit of the plants, obtaining more branches and less height; they also 
reported an 88% colonization. This confirmed the susceptibility of the plants to symbiosis 
and AMF colonization. Vafadar et al. (2014) also showed that AMF inoculation efficiently 
increases the dry weight of the leaves of S. rebaudiana, using relatively low doses of chemical 
fertilization.
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	 The positive effects of AMF in agriculture have been widely described; they promise 
an eco-friendly production. The information about the mechanisms that participate in 
the multiple benefits that the AMF provide to plants must increase. Most of these benefits 
have been attributed to the improvement of nutrient uptake by the roots. The objective of 
this review was to discuss the benefits and mechanisms that participate in the arbuscular 
mycorrhizal symbiosis for the improvement of the biomass and the metabolite of the S. 
rebaudiana crop, as well as the factors that limit the AMF use.

Stevia rebaudiana productive potential
	 Stevia has several phytochemical characteristics which makes it a crop of interest for 
the food industry —as sweetener, antioxidant, and dietary supplement— and for the 
pharmaceutical industry —for the treatment of diabetes mellitus, since it does not produce 
a glycaemic response. The leaves of S. rebaudiana can achieve a zero-calorie natural 
sweetness higher than sucrose (Ramesh and Megeji, 2006); they have a unique composition 
in the presence of labdane, phenolic acids, sterols, triterpenoid, chlorophyll, organic acids, 
monosaccharide, and disaccharide (Gardana et al., 2010; Tavarini and Angelini, 2013).
	 In mid-December 2008, the Food and Drugs Administration (FDA) established that the 
components of S. rebaudiana were safe for human consumption. The same year, the JECFA/
FAO (experts on food additives) agreed with the FDA’s approval of S. rebaudiana for human 
consumption. In 2010, the JECFA, along with the World Health Organization, awarded 
the plant the safe food certification.
	 Since then, it has been considered a crop with high economic potential and, currently, 
it is considered the second sweetener worldwide. China is the main commercialization 
point: 50% of the production is sold in its own domestic market. China also provides at 
least 75% of the world production and its main exportation routes are Japan and the USA 
(Sarmiento-López et al., 2021). Paraguay is the second producer of S. rebaudiana (Mogra and 
Dashora, 2009). Its market is focused in dry leaves commercialization, mainly supplying 
the EU, which has a sweetener annual consumption of ten thousand tons. Therefore, the 
demand of S. rebaudiana provides an opportunity for Mexican farmers seeking to generate 
a profitable crop with exportation potential.

Arbuscular mycorrhizae
	 Mycorrhizae imply mutualism between the arbuscular mycorrhizal fungi (AMF) and 
the plant. Its name comes from the Greek terms “mikos” (fungi) and “rhiza” (root). It 
literary means “fungi root”. Specifically, it belongs to the “endomycorrhizae” type and it is 
the most abundant group in horticulture. This kind of fungi belong to the Glomeromycota 
division and are forced symbionts. The AMF have different particular structures such as 
hyphae, vesicles, and arbuscules. The hypahe are main structures and can be classified as 
“ineffective” —those that initiate the colonization and establish contact with the roots—, 
“absorbent” —those that explore the soil and exchange nutrients—, and “fertile” —those 
in charge of the asexual production of spores (Camarena-Gutiérrez, 2012).
	 Glomeromycota is made up of nine families (Acaulosporaceae, Archaeosporaceae, 
Diversisporaceae, Enthrophosporaceae, Glomeraceae, Gigasporaceae, Geosiphonaceae, 
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Pacisporaceae, Paraglomeraceae) and at least 200 species have been described so far 
(Schüßler et al., 2001). They are characterized by the intracellular and intercellular 
growth of the cortical cells of the root; they show an internal development of arbuscules 
(dichotomously-divided hypae, invaginated by the plasma membrane of the cortical cells, 
and they have short life periods) and vesicles (lipid bodies that are created in the terminal 
part of the hyphae) (Brundrett, 2004; Rich et al., 2014).
	 The arbuscular mycorrhizal symbiosis takes place when an AMF spore germinates and 
branches in all directions, in order to find and establish contact with the roots of the plant. 
In this first “presymbiosis” stage, the receptive signs of the plant (f lavonoids and elicitors) 
identify and recognize the symbiont (Harrison, 1997). However, the amount of enzymes, 
catalases, and peroxidases also increases; this process occurs at the same time that the 
appresorium (initial symbiotic structure) appears and the fungi penetrates the root. The 
biochemical communication between the two mutualists does not allow the plant to reject 
or defend itself from the fungi; this communication produces morphogenetic changes 
that are crucial to initiate the colonization of the roots and to guarantee mutual benefits 
(Akiyama, 2005).

Advantages of the arbuscular mycorrhizal symbiosis in Stevia rebaudiana
	 The symbiosis benefits for cultivated plants have been reported in survival, 
morphological, and productive terms. AMF are known to be capable of improving the 
physiological conditions of plants, even in difficult conditions, such as soil tension caused by 
heavy metals (Rillig, 2004), soil compaction, salinity, and drought (Miransari et al., 2007). 
Additionally, an improvement in growth and productivity of the cultivated plants has been 
reported. The AMF diversity in the soil is very important, because they have a differential 
effect in the host (Kernaghan, 2005). Although S. rebaudiana is highly susceptible to AMF 
colonization, studies about the effects of mycorrhizal symbiosis on its quantitative and 
qualitative production are still limited (Giovannini et al., 2020; Mandal et al., 2015).
	 Most researches focus on the improvement of mineral nutrition: the main benefit that 
the AMF provides to mycorrhizae plants. However, this benefit also unchains an increase 
in the chlorophyl concentrations which, on their turn, modify the photosynthetic rate, 
resulting in a higher physiological productivity (Feng et al., 2002). Although AMF cannot 
fix atmospheric nitrogen, their interaction with fixing microorganisms can increase the 
fixation of this nutrient (Rajan et al., 2000).
	 The inoculation of S. rebaudiana with AMF has doubtlessly shown positive results, firstly 
because it leads to a greater biomass production —the commercial aspect of this crop. In 
this context, the inoculation of Glomus intraradices stimulated height, number of leaves, 
root length, and biomass production which are related to a higher chlorophyl content 
(Vafadar et al., 2014; Mandal et al., 2013). Parniske (2008) attributed this response to an 
improvement in the nutritional state of the plant, as a result of the extensive AMF hyphae 
network. This network covered a greater soil area, in order to absorb water and nutrients 
with low availability and mobility.
	 The AMF symbiosis can modify the quality of S. rebaudiana, by improving its growth 
habit. This situation was particularly observed when 25 mg of phosphorous were applied 
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as P2O5 kg1 of soil, combined with AMF symbiosis (Tavarini et al., 2018), resulting in an 
increase of the SG yield. Nevertheless, further studies about the optimum phosphorous 
doses —based on the nutritional requirement of the plant— must be carried out, in order 
to avoid high concentrations and inhibiting AMF colonization.
	 On their part, Bidabadi and Masoumian (2008) proved that AMF could mitigate 
alterations caused by salinity stress, as a result of their positive impact on photosynthesis 
and the antioxidant defense system.
	 As essential components of soil biota, AMF also have “non-nutritional” effects: 
they prevent erosion, as a result of the production of a stable hydrophobic glycoprotein 
(glomalin), which joins the AMF hyphae, stabilizing soil aggregates and forming their long-
term structure (Harrison, 1997). Arbuscular mycorrhizal symbiosis is also important for 
the phytoremediation of soils that have been polluted by heavy metals; the said metals are 
immobilized at the root and their translocation is reduced (Pawlowska et al., 2000).

Mechanisms of arbuscular mycorrhizal fungi in the production of steviol glycosides
	 One of the main mechanisms of symbiosis is its contribution to nutrient translocation 
(mainly phosphorous) which is essential for the steviol glycoside pathway (Tavarini et al., 
2018). Although soils have very low concentrations of phosphorous, it is necessary for this 
process; additionally, as a result of its minimal mobility, it is not widely or easily available 
for the root system (Kapoor et al., 2007). Under these conditions, the AMF mycelial network 
is the most efficient way to increase its capture (Augé, 2004). A low phosphorous level in 
the soil solution means that there is also a low phospholipid level in the plant membrane, 
resulting in a greater root exudation that stimulates an AMF colonization (Bonfante et al., 
2004).
	 Phosphorous is absorbed from the soil solution up to the plant as phosphate; the AMF’s 
extraradical hyphae capture it quicker than diffusion; afterwards, the intraradical hyphae 
transport it to the cytoplasm. Alternatively, it is accumulated in vacuoles as polyphosphate 
granules; subsequently, it is sent through the hyphal lumen by cytoplasmic currents 
towards the arbusculae, where the polyphosphate is hydrolyzed and the phosphorous ion 
is transferred to the cell (Harrison, 1997).
	 On its turn, the phosphorous translocation mechanism improves the nitrogen, 
potassium, magnesium, and zinc assimilation ( Jefferies et al., 2003), incorporating an 
optimal nutritional state that results in the production of biomass and the concentration of 
steviol glycosides in the leaves.
	 Steviol glycosides belong to the secondary metabolites that the plant produces. During 
the last decade, there has been relatively little information about the AMF-induced 
increases in the secondary metabolite production of S. rebaudiana. According to Mandal 
et al. (2013), this situation is the result of the lack of in-depth studies about the effect of 
inoculating tropical vegetables with AMF; other studies mainly focus in the AMF-driven 
production of secondary metabolites in medicinal herbs (Zubek et al., 2012). However, 
despite the growing evidence that AMF favor SG concentration, there is relatively little 
information about the mechanisms that are potentially involved in this increase.
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	 Clearly, the SG biosynthesis is largely dependent on the carbon’s primary metabolism 
and the energy supplies that the plant can process. In this regard, the AMF-plant 
symbiosis improves photosynthesis through morphological (e.g., increase in leaf area) and 
physiological (e.g., regulation of stomatal conductance and chlorophyl concentration) 
adaptations (Turgeman et al., 2011) —which increases the plants carbohydrate content. 
SG biosynthesis takes place in the leaves and consists of three stages (Brandle et al., 1998): 
1) the 2-C-methyl-D-erythritol-4-phosphate pathway (MEP) (Wanke et al., 2001) which 
leads to the conversion of pyruvate and glyceraldehyde-3-phosphate into kaurene; 2) the 
conversion of kaurene into steviol; and 3) the transformation of steviol into stevioside and 
rebaudioside-A by different glycosyltransferases (Brandle and Telmer, 2007).
	 A greater carbohydrate concentration increases gene transcription through the MEP 
pathway (Hsieh and Goodman, 2005); therefore, the AMF-plant symbiosis increases the 
expression of essential genes for SG biosynthesis (Mandal et al., 2015). In comparison with 
non-inoculated plants, the transcription levels of 1-deoxy-D-xylulose-5-phosphate synthase 
(DXS), 1-deoxy-D-xylulose-5-phosphate reductoisomerase (DXR), and 2-C-methyl-D-
erythritol-2,4-cyclodiphosphate synthase (MDS) increased 1.7-1.8 times respectively in 
the MEP pathway. In the second stage, the transcription levels of the five genes involved 
(GGDPS, CPPS, KS, KO, and KAH) increased 1.4-6.5 times when mycorrhization was 
involved; in the third stage, glycotransferases (UGT) underwent a positive regulation, 
guaranteeing a greater SG concentration (Guleria et al., 2014).

Limitations on the use of arbuscular mycorrhizal fungi
	 Biotic and abiotic factors can limit the use of AMF in the field, as well as the diversity 
and natural structure of the communities in the soil (Kernaghan, 2005). Plant species also 
determine AMF communities, based on the presymbiosis search compounds oozed by the 
roots to identify their preferred symbiont (Arnaut et al., 1996).
	 Despite the scarce evidence, other soil microorganism populations can establish 
a synergy with the AMF, while others can inhibit spore germination and colonization 
(Barea et al., 2002). Therefore, rhizosphere-associated microbiota has a positive or negative 
influence on AMF development (Gange, 2000).
	 Likewise, the soil’s natural conditions —moisture, temperature, structure, and nutrient 
availability— also control AMF communities, colonization, and actions. Sometimes, these 
conditions are the consequence of agricultural practices ( Jansa et al., 2003).
	 Soil can contribute to AMF development at one point and hinder it later on; it can 
directly or indirectly limit the effects of symbiosis on AMF communities or their host 
plants, respectively (Augé, 2000). Neither moisture deficit (Miller, 2000), nor temperature 
(Matsubara and Harada, 1996) have an impact on colonization, although they can reduce 
spore production.
	 Some agricultural practices —including fertilizer doses application, inadequate crop 
rotation, tilling, and the use of lime— impact mycorrhizal colonization levels (Entry et al., 
2002). Some fertilization levels of phosphorous inhibit AMF efficiency in soy crops (Ezawa 
and Yoshida, 2002). Although AMF can survive in soils that have been highly polluted by 
heavy metals, such conditions diminish spore germination and colonization.
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	 Arbuscular mycorrhizal symbiosis is a microbiological tool that can be used as a 
sustainable fertilization alternative to produce Stevia rebaudiana; it provides benefits that 
influence the improvement of biomass yield and glycoside concentration. The combination 
of mutual benefit mechanisms (e.g., phosphorous translocation) makes the AMF and S. 
rebaudiana suitable symbionts: the plant species obtains enough phosphorous and other 
nutrients to improve its productivity and to concentrate its active ingredient (SG), while the 
AMF obtains the carbon it needs for its development.

CONCLUSIONS
	 Market demands require a sustainable production of S. rebaudiana; therefore, AMF 
must be taken into consideration as core elements of the cultivation and must be included 
in agronomy management plans. Mycorrhizae are a fundamental resource in soil structure 
and consequently for sustainability maintenance. Biotic or abiotic factors can threaten the 
communities, which must be incorporated into production plots.
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