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A B S T R A C T
Copper (Cu) is one of the main heavy metals contaminating the soil. 
Plants have different behavior in terms of tolerance and toxicity to 
metals, being able to grow and produce even in soils contaminated 
with high concentrations. This study aimed to determine the 
influence of ectomycorrhizal fungi on the growth and tolerance of 
yerba mate plants grown in soil contaminated with Cu. The design 
was completely randomized in a factorial arrangement (4x6), with 
four possibilities of inoculum: without inoculum (control) and three 
ectomycorrhizal fungi (UFSC-PT116 — Pisolithus microcarpus, UFSC-
PT132 — Pisolithus tinctorius and UFSC-SU118 — Suillus cothurnatus), 
with six Cu doses amended to the soil (0, 80, 160, 240, 320 and 400 
mg kg-1 of Cu) in seven replicates. The height of the aerial part, the 
diameter of the lap, the dry mass of the aerial part and root system, 
the leaf area, the specific surface area of the roots, the contents of Cu 
in the aerial and radicular parts, the tolerance index, and mycorrhizal 
association were assessed. Inoculation of Ilex paraguariensis 
seedlings with ectomycorrhiza fungi UFSC-PT116, UFSC-PT132, and 
UFSC-SU118 mitigates the toxicity effect caused by the excess of Cu 
in the soil. The UFSC-PT116 isolate promoted the highest growth and 
tolerance of Ilex paraguariensis seedlings under the treatments. In 
general, the isolates promoted the reduction of Cu toxicity in Ilex 
paraguariensis plants, being an important alternative to remediate 
Cu-contaminated areas.
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R E S U M O
O cobre é um dos principais metais pesados contaminantes do solo. 
As plantas diferenciam-se quanto à sua tolerância e toxicidade, o 
que lhes permite crescer e produzir até mesmo em solos com altas 
concentrações. O trabalho objetivou determinar a influência do uso 
de fungos ectomicorrízicos no crescimento e tolerância de mudas de 
erva-mate (Ilex paraguariensis) cultivadas em solo contaminado com 
cobre. O delineamento experimental foi inteiramente casualizado em 
arranjo fatorial (4x6), sendo quatro inóculos: controle (sem inóculo) e 
três ectomicorrizas (UFSC-PT116 — Pisolithus microcarpus, UFSC-PT132 
— Pisolithus tinctorius e UFSC-SU118 — Suillus cothurnatus) e seis doses 
de cobre adicionadas ao solo (0, 80, 160, 240, 320 e 400 mg kg-1), com 
sete repetições. Avaliaram-se: altura da parte aérea, diâmetro do colo, 
massa seca da parte aérea e sistema radicular, área foliar, área superficial 
específica de raízes, teores de cobre na parte aérea e radicular, índice de 
tolerância e associação micorrízica. A inoculação de mudas de erva-mate 
com ectomicorrizas UFSC-PT116, UFSC-PT132 e UFSC-SU118 ameniza 
o efeito de fitotoxicidade provocado pelo excesso de cobre no solo. O 
isolado ectomicorrízico UFSC-PT116 promoveu os maiores crescimento 
e tolerância de mudas de erva-mate cultivadas em solo contaminado 
com cobre. Em geral, os isolados promoveram a redução da toxicidade 
do cobre nas plantas de Ilex paraguariensis, sendo uma alternativa 
interessante para a recuperação de áreas contaminadas com cobre.

Palavras-chave: erva-mate; simbiose; metal pesado; contaminação 
do solo.
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Introduction
Plants growing in soils with high Cu contents can develop symp-

toms of toxicity (Kabata-Pendias, 2011), such as necrosis and reduced 
root and leaf system, early defoliation, and reduced aerial growth 
(Grassi Filho, 2005). Such symptoms can reduce growth as a result of 
morphological (Ambrosini et  al., 2015; Guimarães et  al., 2016), bio-
chemical, and physiological (Cambrollé et al., 2012; Mateos-Naranjo 
et al., 2013) changes suffered by the plants. In addition, Cu can be accu-
mulated by the plants and also cause nutritional deficiency (Marastoni 
et al., 2019). According to CONAMA Resolution No. 420/2009 (Brasil, 
2009), the concentration of 200 mg of Cu kg-1 of soil indicates the need 
for intervention in agricultural areas, as it poses a risk to public health 
and the environment.

Yerba mate (Ilex paraguariensis St. Hil.) is an evergreen tree of the 
Aquifoliaceae family, Bercht & J. Presl, native to South America (Lorenzi, 
2009). The culture of yerba mate has great commercial and social value, 
its leaves and fine branches are processed to originate stimulating drinks 
made by infusions, such as chimarrão, tereré, and mate tea (Saidelles 
et al., 2010), in addition to being used in the food, cosmetics, beverag-
es, and pharmaceutical industries due to the diversity of phytochemical 
compounds contained in the plant (Jacques et al., 2007). However, there 
is no information in the scientific literature on the growth of yerba mate 
in areas contaminated with Cu and its tolerance to this metal.

The use of mycorrhizal fungi may be an alternative to improve 
plant development in contaminated areas (Dellai et  al., 2014). These 
fungi form symbiotic associations with vascular plants increasing the 
area explored by the roots through their hyphae in the soil (Brundrett, 
2008; Smith and Read, 2008). The literature has shown a beneficial ef-
fect of the mycorrhizal association on the growth of tree species of the 
Fabaceae family with the use of Pisolithus microcarpus in bracatinga 
seedlings (Mimosa scabrella Benth.) (Dellai et al., 2014) and canafístula 
seedlings (Peltophorum dubium (spreng.) taub.) (Silva et al., 2010) in 
soil contaminated with Cu, also demonstrating the efficiency of this 
association in the tolerance of plants to this metal, as the hyphae and 
the fungal mantle act by retaining the metal physically and chemically 
(Smith and Read, 2008), allowing greater plant growth.

Some studies on phytoremediation, which would be the use of plants 
in contaminated environments to remove or stabilize these contami-
nants, advocate that its efficiency depends on several parameters, such 
as soil properties (soil pH and type), type of heavy metal, nature of the 
rhizosphere, and characteristics of the rhizosphere microflora (Yaashi-
kaa et  al., 2022), where the efficiency of using these fungi to improve 

the soil-plant-contaminant relationship can be pronounced. In addition, 
ectomycorrhizal fungi can have several effects, such as acting as a biocide 
(Volcão et al., 2022), which can improve the growth of host plants.

Some plant species have adaptive mechanisms, such as the accumula-
tion of metals in the vacuole (Taiz and Zeiger, 2009) and bioaccumulation of 
Cu in the roots, restricting its translocation to the shoots (Silva et al., 2015; 
Marques et al., 2018; Afonso et al., 2022), which makes them more tolerant 
to toxicity at high concentrations (Lequeux et al., 2010). In this sense, there is 
still doubt about the efficiency of the use of ectomycorrhizal fungi in associa-
tion with yerba mate as an alternative to increase its tolerance and growth in 
soils contaminated with Cu. Thus, this study aimed to evaluate the influence 
of the use of ectomycorrhizal fungi on the growth and tolerance of Ilex para-
guariensis cultivated in soil contaminated with Cu.

Material and Methods
The experiment was carried out in a greenhouse at the Forest Engi-

neering Department at Universidade Federal de Santa Maria (UFSM), 
Frederico Westphalen Campus. The soil used in the experiment was 
characterized as Oxisol, sampled in an agricultural area in the 0-20-cm 
layer, whose chemical and physical attributes, determined according 
to the methodology described in Silva (2009), are specified in Table 1.

The experimental design was completely randomized in a 4 x 6 fac-
torial arrangement, with four sources of inoculum: control (without in-
oculum) and three ectomycorrhizal fungi (UFSC-PT116 — Pisolithus 
microcarpus, UFSC-PT132 — Pisolithus tinctorius, and UFSC-SU118 
— Suillus cothurnatus) with six doses of Cu added to the soil [0 (natural 
soil content), 80, 160, 240, 320, and 400 mg kg-1], in seven replications.

Ectomycorrhizal fungi were obtained from the fungal bank of the 
Universidade Federal de Santa Maria, Frederico Westphalen campus, state 
of Rio Grande do Sul (RS), and were multiplied in solid medium (Modi-
fied Melin-Norkrans — MNM) (Marx, 1969), in Petri dishes cultured in a 
BOD incubator at 25°C, 30 days before the experiment was implemented.

The yerba mate seeds used in the experiment were provided by 
Empresa de Pesquisa Agropecuária e Extensão Rural de Santa Cata-
rina (EPAGRI), in Chapecó, state of Santa Caterina (SC). The seeds 
were disinfected with 5% sodium hypochlorite for 20 min and washed 
in running water for 5 min, individually sown in 120 cm3 tubes con-
taining Carolina Soil® commercial substrate sterilized in an autoclave 
at 121°C in three 30-min cycles, being irrigated with distilled water. 
When the seedlings showed a pair of definitive leaves, they were trans-
planted to plastic pots with a volumetric capacity of 1,000 cm3, being 
considered an experimental unit (EU).

Table 1 – Characterization of the soil used in the experiment with Ilex paraguariensis.

cmolckg-1: centimol charge per kg of soil.

pH water Ca+Mg Al H+Al P K Cu M.O. Argila

1:1 cmolc kg-1 mg kg-1 % 

5.3 2.23 0.0 3.3 6.5 126.5 12.73 1.1 62.00



Growth and tolerance of Ilex paraguariensis A. St.-Hil. inoculated with ectomycorrhizal fungi in copper-contaminated soil

345
RBCIAMB | v.57 | n.2 | June 2022 | 343-351  - ISSN 2176-9478

Cu doses were prepared and applied 30 days before transplanting 
the seedlings in the form of copper sulfate solution (CuSO4.5H2O). 
At the time of soil amendment, the doses were diluted in 50 mL of 
distilled water to allow their homogenization in the soil. Immediately 
before planting the seedlings, soil samples were collected from each 
treatment to extract the pseudo-total Cu contents, according to meth-
odology 3050b (USEPA, 1996) and determination by atomic absorp-
tion spectrophotometry (Miyazawa et al., 2009).

The doses of Cu applied to the soil increased the pseudo-total con-
tents of the metal in a linear profile (Figure 1), achieving values above 
the limit of 200 mg kg-1 established in the Brazilian legislation for in-
vestigation in agricultural areas (Brasil, 2009). The quality reference 
value of 203 mg kg-1 was also exceeded for soils from volcanic rocks in 
the Plateau of the State of Rio Grande do Sul (FEPAM, 2014).

The inoculations of the ectomycorrhizal fungi in the seedlings were 
carried out through an inoculant produced from the fungal mycelium 
grown in a Petri dish containing MNM culture medium, using 10 Petri 
dishes per fungus, totaling 21 colonies for each fungus used, which was 
crushed in a blender with 500 mL of distilled water for 10 s. For inoc-
ulation, 10 mL of this solution was applied, using a graduated syringe, 
directly on the roots and on the soil adjacent to the root system of each 
treatment at the time of transplanting the seedlings. The uninoculated 
control treatment also received 10 mL of a solution containing only 
the MNM culture medium. The experiment was carried out for 120 
days after the seedlings were transplanted. The EUs containing 5 L were 
weighed and the field capacity was estimated. Subsequently, soil mois-
ture was kept at 70-80% of field capacity. To meet the requirements of 
the experimental design, the location of the EUs was changed weekly. 
Natural light was maintained without using a shade screen.

At the end of the experiment, the height of the shoots (H) was 
quantified using a graduated ruler, measured from the neck of the 
seedlings to the shoot apex; the diameter of the stem (DC) was mea-
sured with a digital caliper, Black Jack Tools® brand; the dry mass of 
the root system (MSR) and the shoots (MSPA), both separated in the 
region of the stem of the seedling, were dried in an oven at 60 ± 1°C to 
constant mass, weighed on an analytical scale, and the total dry mass 
(MST) was calculated by the sum of the MSR and MSPA (Silva, 2009).

The roots were separated from the soil by washing with running wa-
ter, using sieves with a mesh size of 0.5 mm in diameter. Subsequently, 
the roots were digitized using a scanner (HP D110) to determine the root 
specific surface area (ASE) by processing the images in Sapphire 2.0 (Jorge 
and Silva, 2010) software for fiber and root analysis. Leaf area (FA) was 
measured and analyzed using ImageJ software (version 2.0; US National 
Institutes of Health, Bethesda, Maryland, USA) (Schneider et al., 2012).

The dry mass of the roots and shoots was ground in a Wiley mill 
with a 10 mesh sieve to determine Cu contents in plant tissue, through 
nitric-perchloric digestion (3:1) and determination through atomic ab-
sorption spectrophotometry (Miyazawa et al., 2009).

Based on the MST of the zero copper dose (d0) and the other doses 
ranging from 80 to 400 mg kg-1 (dn), the tolerance index (Itol) was calcu-
lated, according to Equation 1. The Itol estimates the ability of seedlings 
to grow in environments with high Cu concentrations (Wilkins, 1978).

Itol =  
MSTdn
MSTdo

∗ 100                                                           (1) 
�

(1)

The roots were separated from the soil by washing with running 
water, using sieves with a mesh size of 0.5 mm in diameter. Subse-
quently, the roots were digitized using a scanner (HP D110) to deter-
mine the root specific surface area (ASE) by processing the images in 
Sapphire 2.0 (Jorge and Silva, 2010) software for fiber and root analysis. 
Leaf area (FA) was measured and analyzed using ImageJ software (ver-
sion 2.0; US National Institutes of Health, Bethesda, Maryland, USA) 
(Schneider et al., 2012).

The evaluation of mycorrhizal root colonization was performed us-
ing the technique of clarification and staining of the roots with 0.05% 
Trypan Blue, for visualization of the ectomycorrhizae under a micro-
scope and a magnifying glass (Brundrett, 2008). Ectomycorrhizal col-
onization was estimated at five replicates per plant by the checkered 
plate method (Giovannetti and Mosse, 1980).

The results were submitted to analysis of variance and when they 
showed significant interaction, they were submitted to regression anal-
ysis of the quantitative variation factor (doses) within each level of the 
qualitative factor (mycorrhizal inocula). For the parameters without in-
teraction, the simple effects were split, and the means of the qualitative 
factor (Factor A) were compared by Tukey’s test at 5% error probability 
and the means of the quantitative factor (Factor D) submitted to polyno-
mial regression analysis by the SISVAR program (Ferreira, 2011).

 
Figure 1 – Pseudo-total copper levels as a function of the doses of copper 
amendment to the soil.
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Results and Discussion
Yerba mate plants showed a significant interaction (p ≤ 0.05) be-

tween the ectomycorrhizal inoculum and Cu doses applied to the soil 
for plant height, stem diameter, aerial and root dry mass, leaf area, and 
specific surface area of the roots (Figure 2).

The doses of Cu applied to the soil induced a linear reduction in 
the height of seedlings without inoculation, while the inoculated treat-
ments were significantly higher with the UFSC-PT116 isolate, promot-
ing a linear increase, being 58% higher than the control at the dose of 
400 mg kg-1 (Figure 2A). These results corroborate the results obtained 
by Dellai et al. (2018), in which Eucalyptus saligna Sm. produced in soil 
contaminated with Cu showed greater height when inoculated with 
the UFSC-PT116 isolate. Ectomycorrhizal fungi, when establishing an 
association with plants, increase the absorption of water and nutrients 
from the soil, while the fungal mantle located on the surface of the 
roots acts as a physical and chemical barrier to heavy metals (Moreira 
and Siqueira, 2006; Smith and Read, 2008). The results demonstrate 
that inoculation with these isolates allows for lower Cu toxicity in 
terms of the height of yerba mate seedlings.

The stem diameter showed a reduction of 31.3% at the highest dose 
of Cu in plants without inoculation (Figure 2B). In ectomycorrhizal 
isolates, the response was quadratic positive, with an increase of 6% 
when the UFSC-PT116 isolate was inoculated at the Cu dose of 211.50 
mg kg-1 of soil. Dellai et al. (2014) reported that the stem diameter of 
the M. scabrella was significantly reduced when inoculated with the 
UFSC-PT116 fungus, which indicates that the response of this isolate is 
influenced by the plant species in association. However, for transplant-
ing the seedlings to the field, a minimum neck diameter of 2 mm is 
recommended (Wendling and Dutra, 2010) and, in this case, all treat-
ments have adequate values at the Cu doses studied.

The dry mass of the aerial part of the yerba mate seedlings 
without inoculation was linearly reduced with the Cu doses, 
while the UFSC-PT116 isolate promoted a linear increase, be-
ing 67% higher than the control at the dose of 400 mg of Cu kg-1 
of soil (Figure 2C). Silva et al. (2010) also found a reduction in 
shoot dry mass of the seedlings of Peltophorum dubium (Spreng.) 
Fabaceae with up to 450 mg kg-1 of Cu added to the soil. Plants 
submitted to high doses of Cu may show shoot chlorosis (Yru-
ela, 2013), early defoliation, and reduced shoot (Grassi Filho, 
2005; Cassanego et al., 2013) and plant growth (Gautam et al., 
2016). However, Steffen et al. (2012) showed that the application 
of both the isolate UFSC-PT116 and eucalyptus essential oil in-
creases the development of the aerial part of Caesalpinia pelto-
phoroides Benth. Fabaceae. The results indicate that the UFSC-
PT116 isolate promotes an increase in the growth of the aerial 
part of yerba mate seedlings in soils contaminated with Cu.

The root dry mass was linearly reduced with Cu doses in plants 
without inoculation and with the UFSC-PT116 isolate, while UFSC-

SU118 and UFSC-PT132 had a quadratic response, with a maximum 
point at doses of 192.5 and 164.5 mg kg-1, respectively (Figure 2D). A 
high amount of Cu in the soil causes inhibition of root growth and 
reduced photosynthesis (Yruela, 2009) and, in eucalyptus Citriodora 
(Corymbia citriodora (Hook.) K.D. Hill & L.A.S. Johnson) Myrtaceae, 
Weirich et al. (2018) obtained lower root dry mass when inoculated 
with the UFSC-PT116 isolate. Despite the reduction in root dry mass 
of plants inoculated with the UFSC-PT116 isolate with Cu doses, the 
formation of a mycorrhizal association results in an increase in the ab-
sorption area of the root of the plant because of the presence of fun-
gal hyphae (Smith and Read, 2008), modifying the architecture of the 
roots that become shorter and more branched (Raven et al., 2007).

The use of ectomycorrhiza allowed greater leaf area in the yerba 
mate seedlings with the UFSC-PT116 isolate, promoting a linear in-
crease and being superior to the other treatments at the dose of 400 
mg kg-1 of soil (Figure 2E). In the seedlings without inoculation, the 
reduction of the leaf area was linear, 44.5%, with increased doses of Cu 
in the soil. The Jatropha curcas L. of the Euphorbiaceae family had a 
linearly reduced leaf area with increasing Cu doses and, when submit-
ted to 100 mg kg-1, it was 69% lower compared to the control (Chaves 
et al., 2010). Although the green stems of plants in general and even 
the roots of epiphytic species can carry out photosynthesis, the leaves 
are the main organs responsible for the production of photoassimilates, 
and a larger leaf area allows plants to have a greater capacity to carry 
out photosynthesis due to the greater exposure to sunlight, the leaf area 
being responsible for the production of photoassimilates necessary for 
the metabolic demand and formation of new plant structures (Silva 
et al., 2018). Cu had a depletion effect on the assimilatory apparatus of 
plants without inoculation; however, there was an increase in the leaf 
area of ​​yerba mate with the UFSC-PT116 isolate.

The specific surface area of ​​roots was reduced with Cu doses in 
plants without inoculation and with the isolate UFSC-PT132 (Fig-
ure 2F). The UFSC-PT116 isolate showed a quadratic effect, showing 
a higher specific area compared to the other treatments at the dose 
of 400 mg kg-1 of Cu. Increased Cu doses in the soil in species of the 
Fabaceae family induced a linear reduction in the surface area of ​​the 
roots of Bauhinia forficata Link and Pterogyne nitens Tul seedlings and 
a quadratic increase in Enterolobium contortisiliquum Vell. up to a dose 
of 81 mg kg-1 (Silva et  al., 2016). The increase in the surface area of ​​
absorption of the roots represents an increase in the volume of exploit-
ed soil, and according to Harley (1969), the surface area exploited by 
ectomycorrhizal fungi is estimated to be 1,000 times greater than that 
of roots without the presence of ectomycorrhiza. Mycorrhizal plants 
could have a better nutritional status compared to plants without in-
oculation, which could be a conditioning factor for the survival rate 
of the species (Silva et al., 2003). These results show a positive effect of 
the UFSC-PT116 isolate on the surface area of ​​the roots of yerba mate 
seedlings subjected to Cu contamination.
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DMS: minimum significant difference by Tukey’s test (p ≤ 0.05).

Figure 2 – (A) Ratio of height, (B) stem diameter — Diameter, (C) dry mass of the shoots — MSPA, (D) dry mass of the roots — MSR, (E) leaf area, and (F) 
specific surface area of the roots — ASE of Ilex paraguariensis seedlings with copper doses applied in the soil, without (control — test) and with the addition 
of three inocula of ectomycorrhizal fungi such as Pisolithus microcarpus (PT116), Pisolithus tinctorius (PT132), and Suillus cothurnatus (SU118).
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The Cu content in the shoots and roots system of yerba mate 
showed a significant interaction between the inoculum and Cu doses 
(Figure 3). The Cu content in the shoots increased linearly by 419% 
in the treatment without inoculation between the baseline and final 
period, while both isolates UFSC-PT116 and UFSC-SU118 showed a 
maximum point of 198.9 and 162.3 mg kg-1, respectively. At the highest 
dose studied, there was a reduction in the content of this metal in 83 
and 86% for both UFSC-PT116 and UFSC-SU118 isolates, respectively, 
compared to the plants without inoculation (Figure 3A). In the root 
system, the treatment without inoculation showed an increase of 847% 
in the Cu content at the highest dose, being significantly higher than 
the other treatments, and the UFSC-PT116 and UFSC-SU118 isolates 
showed a maximum point at the estimated doses of 179.6 and 296.13 
mg kg-1, respectively; and also resulting in lower Cu content in the root 
at the highest dose applied to the soil (Figure 3B). It can be seen that at 
certain doses, in the presence of ectomycorrhizal fungi, the Cu content 
in the tissue of the roots and shoots of the plants was lower, as observed 
by Gadd (1993) and Fogarty and Tobin (1996), who showed a close 
relationship between the production of extracellular pigments by ecto-
mycorrhizal fungi and the bioadsorption of metals. Thus, as shown by 
Bertolazzi et al. (2010), ectomycorrhizal isolates can retain Cu in their 
mycelium and adsorb the metal, preventing it from being absorbed by 
the yerba mate roots.

The Itol showed a significant interaction between the inoculum 
and Cu doses applied to the soil, being reduced in seedlings without 
inoculation by 14% at the highest dose (Figure 4). In treatments 

with inoculation, the UFSC-PT116 isolate showed a linear increase 
of 106%, at the dose of 400 mg kg-1 of Cu in the soil, being signifi-
cantly higher than the other treatments. Cu doses also caused a re-
duction in the Itol of Senna multijuga ((Rich.) H.S. Irwin & Barne-
by) Fabaceae (De Marco et al., 2017), corroborating with the results 
found in this study for plants without inoculation. Mycorrhizas play 
a key role in reducing the toxic effect of Cu on the plant. In the plas-
ma membrane, they play a role in the homeostasis of contaminants, 
controlling or preventing the entry of the metal into the cell (Ali 
et al., 2013). 

The results showed a significant interaction between the ec-
tomycorrhizal isolates and the Cu doses for the percentage of 
ectomycorrhizal colonization, being significantly higher with 
the inoculations compared to the control (without inoculation) 
that did not show ectomycorrhiza formation, in all Cu doses used 
(Figure 5). The UFSC-PT116 isolate showed a significantly high-
er percentage of mycorrhizal colonization than the other inocula 
from the 160 mg kg-1 dose, ranging from 14 to 19%. In a study 
with the UFSC-PT116 isolate, Souza et  al. (2012) obtained val-
ues close to 20% of colonization in the species Eucalyptus grandis 
(Hill ex Maiden), family Myrtaceae. These authors emphasize the 
need for selecting fungal isolates that are efficient in establishing 
ectomycorrhiza with certain plant species. According to Moreira 
and Siqueira (2006), ideal fungi for large-scale inoculation need to 
widely colonize the root system and promote a beneficial response 
in the root system of the plants.

 

DMS: minimum significant difference by Tukey’s test (p ≤ 0.05).

Figure 3 – (A) Copper content in the shoots — CuPA and (B) roots — CuR of Ilex paraguariensis seedlings with doses of copper applied in the soil without 
(Control) and with the addition of three inocula of ectomycorrhizal fungi such as Pisolithus microcarpus (PT116), Pisolithus tinctorius (PT132), and Suillus 
cothurnatus (SU118).
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DMS: minimum significant difference by Tukey’s test (p ≤ 0.05).

Figure 4 – Relationship between the Tolerance Index (ITOL) of Ilex 
paraguariensis seedlings with the doses of copper applied in the soil, 
control treatments without inoculation (Control) and with the addition 
of three inocula of ectomycorrhizal fungi Pisolithus microcarpus (PT116), 
Pisolithus tinctorius (PT132), and Suillus cothurnatus (SU118).

Other studies on excess Cu in other plants, such as Scrophularia 
striata, showed that there is a toxicological effect in increasing the con-
centration of metals, not only with Cu (Mousavi et al., 2022). However, 
as this is a pioneering study with yerba mate, it was not possible to 
discuss the effect of the ectomycorrhizal fungi, yerba mate, and Cu tol-
erance in conjunction with the literature.

Conclusions
Environmental contamination has been constant in the soil sys-

tem, causing several environmental problems. The application of 
clean biotechnologies in contaminated environments is a sustain-
able, cheap, and viable way to reduce or control pollution and re-

 

*Means followed by the same letter do not differ from each other at the same 
dose by the Tukey’s test (P < 0.05) of the probability of error.

Figure 5 – Percentage of mycorrhizal colonization in Ilex paraguariensis 
in the control treatments, without inoculation (Control) and with the 
addition of three inocula of ectomycorrhizal fungi Pisolithus microcarpus 
(PT116), Pisolithus tinctorius (PT132), and Suillus cothurnatus (SU118) in a 
soil contaminated with doses of copper.

cover these degraded environments. The results of this study, with 
the application of ectomycorrhizal fungi in Ilex paraguariensis plants 
to reduce the effect of contamination, showed that the use of these 
fungi contributes to reducing Cu bioaccumulation and mitigates the 
possible phytotoxic effects on the plants, which may contribute to 
decreasing high concentrations of this metal in the soil. The inocula-
tion of Ilex paraguariensis seedlings with the ectomycorrhizal fungi 
UFSC-PT116, UFSC-PT132, and UFSC-SU118 mitigates the phyto-
toxicity effect caused by the excess of Cu in the soil. Although the 
results shown in this work demonstrate high applicability, long-term 
studies and the use of new isolates and different plants are needed to 
increase the use  of the technique.
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