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Abstract: Scientific literature has demonstrated for more than 50 years the positive effect of ar-

buscular mycorrhiza fungi (AMF) on plant growth and stress tolereance. But it has been in the last 

10 years that its application was implemented in agricultural systems. Recent reviews point to 

AMF as key to viticulture. In order to identify the most effective mycorrhizal species and detect the 

most dependent rootstocks on inoculation we reanalyzed published experiments were AMF were 

inoculated in vine plants. We created a database where we included all the results comparing the 

development of vine plants that have been inoculated with AMF against a control. We calculated 

inoculation dependence ID = ((Mean of inoculate treatment - Mean of control)/Mean of inoculate 

treatment) *100) to compare the effect of AM inoculation on the vine between very different ex-

periments. Only two species of mycorrhiza (Rhizophagus irregularis and Funneliformis mosseae) have 

been studied on the same rootstock measuring the same variables in more than one study. No dif-

ferences were found in ID of the different rootstocks, for the majority of measured response varia-

bles, when all the AMF species were analyzed together. The results obtained showed that plants 

cannot always benefit from AMF inoculation, and the effect of mycorrhizae can be positive or 

negative. The effect of mycorrhizal inoculation in vineyards is context dependent. This study has 

shown the need for prior pilot testing to determine the effect of a specific mycorrhizal species on 

certain rootstocks under specific growing conditions before their use can be recommended. 
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1. Introduction 

Roots of most plants show mutualistic symbiosis with certain soil fungi name my-

corrhizas. More than 200.000 cultivated and uncultivated plants are living in symbiosis 

with these fungi [1]. Scientists described seven types of mycorrhizae, but the most 

common are arbuscular mycorrhizae fungi (AMF) [2]. AMF belongs to the Glomales 

order of Zygomycetes, these colonize the root biotrophic and extend a mycelium outside 

the root system forming a complex net [3]. AMF has always been a key link in moving 

water and mineral nutrients from the soil to the plants in exchange for photosynthetic 

products [1,4]. Fungal hyphae are much thinner than roots, therefore they can penetrate 

small pores and acquire nutrients inaccessible to the plant’s roots [5,6]. In addition to 

improved nutritional supply, AMF has many other positive effects on the plant in abiotic 

stresses, such as water stress [7], soil salinity [8] and biotic stresses, such as root diseases 

caused by necrotrophic pathogens, herbivorous arthropods or nematodes [9]. 
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In order to maintain a high level of AMF in soils, Berruti et al (2016) suggested in-

troducing AMF into the target soils to achieve this goal. The use of (AMF) inoculum rec-

orded a good development and performance in several plants and soil conditions [10]. 

The mycorrhizal biotechnology has been widely used in horticulture and agriculture 

plant production [11,12]. AMF inoculum is mainly obtained from in situ systems that 

could be from in vivo cultivation on the roots of plants, whether in pots [13] or in the field 

of nurseries or farms [12,14]. 

Assembling the right consortia of plant phenotype and rhizosphere microbiome has 

also been postulated as one of the means for a new underground revolution that aims at 

an ecological intensification in agriculture [15]. This approach is promising but holds in-

trinsic associated risks [16]. The benefits of mycorrhizal inoculum can be highly context 

dependent [17] resulting in a high variability in plant response to AMF inoculation and a 

lack of trust in its general efficiency by the agricultural community. 

In the case of viticulture, many studies have demonstrated the value of AMF main-

taining healthy vines and grape quality [7,18]. These studies argue that strengthening the 

mycorrhizal community in the vineyard can provide significant benefits in a context of 

climate change [7,18]. However, specific information on the impact of the use of mycor-

rhizal inoculum on vineyard plants is not available. 

The objective of this work is to analyze the results obtained in published research 

comparing the development of vine plants inoculated with AMF against a control. The 

aim is to determine whether the existing information allows us to identify the most ef-

fective species of mycorrhizal fungi for improving grapevine performance, as well as to 

detect those rootstocks most dependent on inoculation. 

2. Materials and Methods 

To build a database, searches were conducted for articles published from 1980 to 

2019 in the Google Scholar. Keywords used were the following: mycorrhiza*, inocul*, 

vineyard*, rootstock*. The use of Boolean truncation ‘*’ character ensured that we have 

variations of the word. For example, mycorrhizae, mycorrhizas, mycorrhizal, were in-

cluded in our search.  

From more than 3000 articles, we selected only ones that include the addition of a 

mycorrhizal inoculum comparing it with a control treatment in vine plants. We exclude 

the articles that analyze the natural mycorrhizal colonization, focusing on analyzing the 

effect of AMF on disease resistance, articles with no present control, articles with not 

growth measurements or articles that no specify important information like growth 

conditions. The bibliographic references of the articles were used to find new works fo-

cused on the subject. Languages accepted were: English, Spanish, Portuguese German 

and Chinese. 

From each study, we collected data on plant performances, with and without my-

corrhizal inoculation considering: country: where the work has taken place; type: 

whether it is a greenhouse, outdoor conditions or field; the rootstocks used in the ex-

periment; the species of AMF used in the experiment and the response variable measure. 

To compare plant performances with and without inoculum, we extract the mean 

value of biomass, plant size or other growth measures. When the publication provided 

the dry weight separately from roots and stems, these were added to calculate the total 

dry weight. In some cases, the control was plants growing in a sterile substrate, but in 

other control growth under natural condition so presented a natural colonization by 

AMF, both studies were included. 

To compare between studies, we calculated the degree of plant change associated 

with the inoculation of arbuscular mycorrhizal fungi expressed as Inoculation Depend-

ency (ID), following the same calculation method than the mycorrhizal dependency [19]. 

ID (%) = 100 (Xi – Xn)/Xi, 

where Xi is the mean value of the response variable of mycorrhizal inoculated plant and 

Xn is the mean value of the response variable of non-mycorrhizal inoculated plant. 
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Different plant response variables were used as total dry and fresh biomass, shoot 

dry and fresh weight, root dry and fresh weight, the total number of leaves and total 

leave area.  

Most publications conducted several experiments. We included all those results that 

compared inoculated vines against non-inoculated vines under the same conditions. In 

the cases that some plants were subjected to stress conditions, for example Cu contami-

nation, P starvation or salinity, only the stress-free treatment data were included. 

We describe the resulted data graphically using box plot diagrams to show data 

distribution among different studies in relation with: the genus of the AMF inoculated, 

the rootstocks. The diagrams that do not show dispersion and are shown as a horizontal 

line are due to the presence of only one data from one study. 

3. Results  

We end up having 23 publications, including one master thesis, with 106 experi-

ments where more than one response variable was measured. Articles included were 

published in different journals such as the European Journal of Horticulture Science, 

Asian Journal of Crop Science, Vitis, South African Journal for Enology and Viticulture, 

Acta Horticulture, or Frontiers in Plant Science. Only the two more common species of 

mycorrhiza in inoculum (Rhizophagus irregularis and Funneliformis mosseae) have been 

studied on the same rootstock measuring the same variables in different experiments. 

This makes it difficult to perform statistical analysis and therefore, graphical compari-

sons considering a heterogeneous group of assays were made.  

Among the articles used for this review, 15.38% were complete in field conditions 

and 76.92% in the greenhouse. Pots under no controlled ambient, were less common, 

11.53% of the articles. In this review, different responses of vines to AMF inoculation, 

with 15.88% of negative responses and heterogeneous positive responses (ID from 0.76 to 

88.52) were found.  

Most of the experiments measured different response variables, which showed dif-

ferent IDs (Fig. 1). Comparing the more common ones, most of them showed clear posi-

tive effects, but with different dispersion (Fig. 1). Although all median values are posi-

tive, only the number of leaves showed no negative values.  

 

Figure 1. Degree of plant biomass change associated with the inoculation of arbuscular mycorrhiza Figure 110. Richter 

and 1103P present some negative effect (Fig. 2). The rootstocks showing the greatest positive effect on shoot dry weight 

were 3309C, SO4, Pusa Navrang and FPS93. If the shoot dry weight is analyzed in relation to the different genera of AMF 

inoculated, it is observed that several species combination (Mix) shows a slightly more positive effect with respect to the 

rest of the experiments where only species of the same genera were used (Fig. 3). 
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Figure 2. Different rootstocks shoot dry weight change associated with the inoculation of AMF expressed as Inoculation 

Dependency (ID). Lines in each boxplot represent the minimum (whisker), lower quartile, median, upper quartile, and 

maximum (whisker). The diagrams that do not show dispersion and are shown as a horizontal line are due to the pres-

ence of only one data from one study. 

Figure 3. Shoot dry weight change associated with the inoculation of AMF expressed as Inoculation Dependency (ID) for 

the experiments made with fungus of different genera. Lines in each boxplot represent the minimum (whisker), lower 

quartile, median, upper quartile, and maximum (whisker). The diagrams that do not show dispersion and are shown as a 

horizontal line are due to the presence of only one data from one study. 

4. Discussion 

Mycorrhizal efficiency must be considered within a well-defined set of conditions: it 

depends on the fungal inoculate, rootstocks, as well as the measure variable. The results 

obtained show that plants can’t always benefit from AMF, and the effect of mycorrhiza 

can be neutral or negative depending on specific experimental conditions. The measure 

parameters used as a response variable are crucial since not all the parameters showed 

the same response to inoculation. Other studies have shown that certain rootstock-AMF 

combinations can generate an increase, but also a decrease in certain specific parameters 

such as leaf area [20]. It has also been shown that certain inoculum have a greater effect 

on specific parameters than others [21]. 

Furthermore, fungal species preferences toward rootstocks can also affect mycor-

rhizal efficiency. Glomus aggregatum, for example, seemed to have a higher affinity for 

161-49 Couderc than 196-17 castel [22]. Some studies have shown that the effect of my-

corrhizae on grapevine depends on the combination between the inoculum and plant 

[23].  

An important dispersion of results for inoculation experiments with the same genus 

or even with the same mycorrhiza species was observed. For example, Schreiner (2007), 

using the same grapevines, the same soil and the same AMF species found different ef-

fects depending on the origin of the fungi. Also, the same mycorrhizal type can have 
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different levels of effectiveness depending on where it is used, under field or greenhouse 

conditions. In Camprubi’s work (2008), Glomus intraradices had a more positive effect on 

grapevine under greenhouse conditions than under field conditions. In case of using an 

experimental inoculum, knowing what the origin of mycorrhiza (to what plants it was 

originally associated) used can make a difference. AMF that was originally associated 

with citrus has a more positive effect on vineyards than the same species was originally 

associated with grapevines [24]. 

Despite the use of arbuscular mycorrhizae is advocated as a potent solution to im-

prove vineyard culture systems; our review shows that the effect of mycorrhizal inocu-

lation in the vineyards is context-dependent. Several experiments showed neutral and 

even negative responses of certain combinations of rootstocks, mycorrhizae and envi-

ronmental conditions are shown. The high heterogenetic among experiments make dif-

ficult to determine that inoculum presented more positive effects or which rootstocks are 

more positive affect by AMF. However, our data indicate that resistant rootstocks could 

be less favored by inoculation and the mixture of several AMF species could have more 

positive effects, while the species of the genus Aculospora more negative. This biblio-

graphic review has demonstrated the need for previous pilot tests to determine the effect 

of specific mycorrhizal species on certain rootstocks in specific culture conditions before 

being able to advise its use a t a commercial scale. 

Author Contributions: Conceptualization, E.B.; methodology, I.H,. R.M-D. and E.B; investigation, 

I.H.; R.M-D., M.A.J.R and E.B. data curation, R.M-D., I.H., M.A.R.J., E.B.; writing—original draft 

preparation, I.H. E.B; writing—review and editing all the authors; visualization, R.M-D.; supervi-

sion, E.B; project administration, J.B.; funding acquisition, J.B. and E.B. 

Funding: This research was funded by Ministry of Science and Innovation (MCI), State Research 

Agency (AEI) and the European Regional Development Fund (FEDER) grant num-

berRTI2018-094470RC22. IH was funded by ERASMUS KA107 (2018-19) grant during 4 months of 

student’s exchange period. 

Conflicts of Interest: “The authors declare no conflict of interest.”  

References 

1.  Smith, S.; Read, D. Mycorrhizal Symbiosis; Elsevier Ltd, 2008; ISBN 9780123705266. 

2.  Jeffries, P.; Barea, J.M. Biogeochemical cycling and arbuscular mycorrhizas in the sustainability of plant-soil systems. Impact 

Arbuscular Mycorrhizas Sustain. Agric. Nat. Ecosyst. 1994, 101–115, doi:10.1007/978-3-0348-8504-1_9. 

3.  Rosendahl, S.; Dodd, J.C.; Walker, C. Taxonomy and phylogeny of the Glomales. Impact Arbuscular Mycorrhizas Sustain. 

Agric. Nat. Ecosyst. 1994, 1–12, doi:10.1007/978-3-0348-8504-1_1. 

4.  Berruti, A.; Lumini, E.; Balestrini, R.; Bianciotto, V. Arbuscular mycorrhizal fungi as natural biofertilizers: Let’s benefit from 

past successes. Front. Microbiol. 2016, 6, 1559, doi:10.3389/fmicb.2015.01559. 

5.  Allen, M.F. Linking water and nutrients through the vadose zone: A fungal interface between the soil and plant systems. J. 

Arid Land 2011, 3, 155–163, doi:10.3724/SP.J.1227.2011.00155. 

6.  Schreiner, R.. Effects of native and nonnative arbuscular mycorrhizal fungi on growth and nutrient uptake of “Pinot noir” 

(Vitis vinifera L.) in two soils with contrasting levels of phosphorus. Appl. Soil Ecol. 2007, 36, 205–215, 

doi:10.1016/j.apsoil.2007.03.002. 

7.  Trouvelot, S.; Bonneau, L.; Redecker, D.; van Tuinen, D.; Adrian, M.; Wipf, D. Arbuscular mycorrhiza symbiosis in viticul-

ture: a review. Agron. Sustain. Dev. 2015, 35, 1449–1467, doi:10.1007/s13593-015-0329-7. 

8.  Belew, D.; Astatkie, T.; Mokashi, M.N.; Getachew, Y.; Patil, C.P. Effects of salinity and mycorrhizal inoculation (Glomus 

fasciculatum) on growth responses of grape rootstocks (Vitis spp.). South African J. Enol. Vitic. 2010, 31, 82–88, 

doi:10.21548/31-2-1404. 

9.  Cameron, D.D.; Neal, A.L.; van Wees, S.C.M.; Ton, J. Mycorrhiza-induced resistance: More than the sum of its parts? Trends 

Plant Sci. 2013, 18, 539–545, doi:10.1016/j.tplants.2013.06.004. 

10.  Lovato, P.; Guillemin, J.P.; Gianinazzi, S. Application of commercial arbuscular endomycorrhizal fungal inoculants to the 

establishment of micropropagated grapevine rootstock and pineapple plants. Agronomie 1992, 12, 873–880, 

doi:10.1051/agro:19921024. 

11.  Benami, M.; Isack, Y.; Grotsky, D.; Levy, D.; Kofman, Y. The Economic Potential of Arbuscular Mycorrhizal Fungi in Agri-

culture. 2020, 239–279, doi:10.1007/978-3-030-29541-7_9. 

12.  Vosátka, M.; Látr, A.; Gianinazzi, S.; Albrechtová, J. Development of arbuscular mycorrhizal biotechnology and industry: 



Proceedings 2021, 4, x FOR PEER REVIEW 6 of 6 

 

Current achievements and bottlenecks. Symbiosis 2012, 58, 29–37, doi:10.1007/s13199-012-0208-9. 

13.  Feldmann, F.; Schneider, C. How to produce arbuscular mycorrhizal inoculum with desired characteristics. Mycorrhiza 

Work. 2008, 305–322. 

14.  Trejo-Aguilar, D.; Banuelos, J. Isolation and Culture of Arbuscular Mycorrhizal Fungi from Field Samples. Methods Mol. Biol. 

2020, 2146, 1–18, doi:10.1007/978-1-0716-0603-2_1. 

15.  Bender, S.F.; Wagg, C.; van der Heijden, M.G.A. An Underground Revolution: Biodiversity and Soil Ecological Engineering 

for Agricultural Sustainability. Trends Ecol. Evol. 2016, 31, 440–452, doi:10.1016/j.tree.2016.02.016. 

16.  Machado, A.A.S.; Valyi, K.; Rillig, M.C. Potential Environmental Impacts of an “Underground Revolution”: A Response to 

Bender et al. Trends Ecol. Evol. 2017, 32, 8–10, doi:10.1016/j.tree.2016.10.009. 

17.  Hoeksema, J.D.; Chaudhary, V.B.; Gehring, C.A.; Johnson, N.C.; Karst, J.; Koide, R.T.; Pringle, A.; Zabinski, C.; Bever, J.D.; 

Moore, J.C.; et al. A meta-analysis of context-dependency in plant response to inoculation with mycorrhizal fungi. Ecol. Lett. 

2010, 13, 394–407, doi:10.1111/j.1461-0248.2009.01430.x. 

18.  Popescu, G.C. Arbuscular Mycorrhizal Fungi – an Essential Tool To Sustainable Vineyard Development : a Review. Curr. 

Trends Nat. Sci. 2016, 5, 107–116. 

19.  Plenchette, C.; Fortin, J.A.; Furlan, V. Growth responses of several plant species to mycorrhizae in a soil of moderate 

P-fertility - I. Mycorrhizal dependency under field conditions. Plant Soil 1983, 70, 199–209, doi:10.1007/BF02374780. 

20.  Caglar, S.; Bayram, A. Effects of vesicular-arbuscular mycorrhizal (VAM) fungi on the leaf nutritional status of four grape-

vine rootstocks. Eur. J. Hortic. Sci. 2006, 71, 109–113. 

21.  Ozdemir, G.; Akpinar, C.; Sabir, A.; Bilir, H.; Tangolar, S.; Ortas, I. Effect of inoculation with mycorrhizal fungi on growth 

and nutrient uptake of grapevine genotypes (Vitis spp.). Eur. J. Hortic. Sci. 2010, 75, 103–110. 

22.  Aguín, O.; Mansilla, J.P.; Vilariño, A.; Sainz, M.J. Effects of mycorrhizal inoculation on root morphology and nursery pro-

duction of three grapevine rootstocks. Am. J. Enol. Vitic. 2004, 55, 108–111. 

23.  Anzanello, R.; de Souza, P.V.D.; Casamali, B. Fungos micorrízicos arbusculares (FMA) em porta-enxertos micropropagados 

de videira. Bragantia 2011, 70, 409–415, doi:10.1590/S0006-87052011000200023. 

24.  Camprubí, A.; Estaún, V.; Nogales, A.; García-Figueres, F.; Pitet, M.; Calvet, C. Response of the grapevine rootstock Richter 

110 to inoculation with native and selected arbuscular mycorrhizal fungi and growth performance in a replant vineyard. 

Mycorrhiza 2008, 18, 211–216, doi:10.1007/s00572-008-0168-3. 

 


