Nativa, Sinop, v. 10, n. 3, p. 410-416, 2022.
Pesquisas Agrérias e Ambientais
DOI: https://doi.org/10.31413/nativa.v10i3.13792

Silicon application and mycorrhiza inoculation promoted Leucaena leucocephala
growth in a soil highly contaminated by manganese

Juliette Freitas do CARMO!, Kaio Graculo Vieira GARCIA™, Paulo Furtado MENDES FILHO!,
Arthur Prudéncio de Aratjo PEREIRA!, José Isracl PINHEIRO!

1Federal University of Ceara, Fortaleza, CE, Brazil.
E-mail: kaiovieira@ufc.br
ORCID: (0000-0003-3619-9456; 0000-0003-4980-5136; 0000-0001-7030-6206; 0000-0001-9402-3243; 0000-0002-0665-3892)

Submitted on 2022/05/04; Accepted on 2022/09/05; Published on 2022/09/19.

ABSTRACT: Arbuscular mycorrhizal fungi (AMF) can increase the acquisition of silicon (Si) and, therefore,
alleviate the problems caused by metallic toxicity in plants, but this effect remains poorly understood. The
objective was to evaluate the influence of Si application on the growth of Lexcaena lencocephala inoculated with
AMF (Claroideoglomus etunicatum) in a soil contaminated by manganese (Mn). We exposed plants to increasing
levels of Si (0, 100, 200 and 400 mg kg') in the soil for 90 days. Intermediate levels of Si and AMF inoculation
significantly increased shoot and root dry mass, the number of sheets, root system length and mycorrhizal
colonization. The abundance of AMF spores decreased lineatly with increasing levels of Si applied to the soil,
suggesting a low correlation with mycorrhizal colonization. In addition to the higher Mn contents in the shoots
and, mainly, in the roots, the combined application of Si and inoculation with AMF significantly reduced foliar
toxicity by more than 40%, when compared to the absence of Si and AMF inoculation. Our results
demonstrated a synergistic effect of AMF and Si in improving the growth and tolerance of L. leucocephala plants
in soil contaminated by Mn.
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Aplicagio de silicio e inoculagdo de micorriza promove crescimento de
Leucaena leucocephala em solo altamente contaminado por manganés

RESUMO: Os fungos micorrizicos arbusculares (FMA) podem aumentar a aquisicao de silicio (Si) e, portanto,
amenizar os problemas causados pela toxidez metalica nas plantas, mas esse efeito ainda é pouco conhecido. O
objetivo foi avaliar a influéncia da aplicagdo de Si no crescimento de Lexcaena lencocephala inoculada com FMA
(Claroideoglomus etunicatum) em solo contaminado por manganés (Mn). Expusemos as plantas a nfveis crescentes
de Si (0, 100, 200 e 400 mg kg!) no solo por 90 dias. Niveis intermediarios de Si e inoculagdo de FMA
aumentaram significativamente a massa seca da parte aérea e radicular, o nimero de folhas, o comprimento do
sistema radicular e a coloniza¢do micorrizica. A abundancia de esporos de FMA diminuiu linearmente com o
aumento dos niveis de Si aplicados ao solo, sugerindo uma baixa cotrelagio com a coloniza¢ido micortizica.
Além dos maiores teores de Mn na parte aérea e, principalmente, nas raizes, a aplicacio combinada de Si e
inoculagao com FMA reduziu significativamente a toxidez foliar em mais de 40%, quando comparada a auséncia
de Si e inoculacdo de FMA. Nossos resultados demonstraram um efeito sinérgico de FMA e Si na melhoria do
crescimento e tolerancia de plantas de L. /ucocephala em solo contaminado por Mn.
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1. INTRODUCTION

Mining is one of the oldest productive activities of
humanity. Brazil is one of the largest producers and exporters
of mining products, with an enormous mineral heritage.
According to the Brazilian Mining Institute/IBRAM (2020),
mining activity tepresents 4% of the country's Gross
Domestic Product, being one of the pillars of Brazil's
economic support. However, despite its economic
importance, income generation and employment, factors that
drive the country's growth, mining can cause environmental
damage and constitute an imminent risk to human life
(HADDAWAY et al., 2019).

Manganese (Mn), despite being an essential micronutrient
for all living organisms (TANG et al., 2021), presents a highly

toxic reaction when present in high concentrations (LI et al.,
2019). In plants, Mn toxicity can change metabolic processes
and, consequently, limit their growth and development (LI et
al,, 2019). The most visible effects of plant exposure to high
Mn concentrations in the soil are, in general, described by
brown spots, chlorosis and leaf necrosis, which can limit the
photosynthetic efficiency (FARIA et al., 2020; GARCIA et
al., 2020). In humans, excessive Mn exposure can damage to
the nervous system and intellectual deficit in children
(BUDINGER et al., 2021).

In mining areas, Mn can reach high concentrations
through the deposition of tailings residues, which can release
large amounts of Mn into the soil (HUANG et al., 2014).
These conditions, in addition to the low soil fertility
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commonly found in these areas, make the establishment of
plant species an important challenge. In this sense, strategies
that mitigate this impact and improve soil revegetation are
extremely necessary.

A viable alternative for the revegetation contaminated soil
is to stimulate the plant association with beneficial soil
microorganisms, such as arbuscular mycorrhizal fungi (AMF)
(GARCIA et al., 2020). The use of leguminous plants has
been recommended in the literature, mainly due to the
association with nitrogen-fixing bacteria and mycorrhiza,
attributes that increases soil quality and the potential of plant
survival (BALIEIRO et al., 2017).

AMF are able to associate symbiotically with more than
80% of terrestrial plants (YOU et al., 2021). This association
can increase nutrient absorption, water, attenuate the
negative effects of heavy metals (HM) and promote plant
growth  in  environments  under  contamination
(SPAGNOLETTT et al., 2017). It is known that AMF can
protect plants against HM through several mechanisms,
including the retention and immobilization of these elements
in roots of colonized plants (SPAGNOLETTT et al., 2017),
chelation through glomalin synthesis (VODNIK et al., 2008)
and accumulation of metals on the surface of AMF-spores
(GARCIA et al., 2020). In addition, they can increase the
absorption of other elements present in the soil solution,
such as silicon (51), a beneficial micronutrient, which can also
mitigate the stress caused by HM in plants (ZEHRA et al.,
2020).

Mycorrhizal plants often show greater tolerance to excess
Man in the soil (GARCIA et al., 2020). In this sense, evidence
suggests that one of the reasons for the attenuation of Mn
toxicity in the presence of AMF is due to the increase in the
absorption of Si, which in turn may be involved in mitigating
the adverse effects of metals in plants metabolism, especially
Mn (HORST; MARSCHNER, 1978). Although some studies
report the effects of Si on the attenuation of toxicity by HM
in plants, to date, there are no publications on the role of Si,
as well as a possible synergistic effect between Si and AMF
in mitigating Mn toxicity in L. Jeucocephala.

In our study, we tested the effect of Si doses and AMF
inoculation on the initial development of L. leucocephala
cultivated in a soil degraded by Mn mining. Our hypothesis
was that the interaction between Si and mycorrhiza
inoculation attenuates phytotoxicity by Mn and promotes
better plant growth conditions, thereby increasing its
efficiency in the revegetation process.

2. MATERIAL AND METHODS
2.1. Localization area and experimental soil

The experiment was conducted in a greenhouse, located
at the Fortaleza, Ceara, Brazil. For plants growth, we
collected soil at a depth of 0-20cm in a manganese mining
area located in Ocara, Ceard, Brazil. Subsequently, the soil
was sieved with the aid of a 2mm sieve and then autoclaved
at 121°C and 1 atm of pressure for 2h, to eliminate fungal
propagules and other existing microorganisms. Soil chemical
characterization analysis (Table 1) was made according to the
methods described by Teixeira et al. (2017).

Briefly, the pH was measured in water (1:2.5) by
potentiometty; exchangeable aluminum (AI**), was extracted
with 1M KClI solution and determined by titration; Ca>* and
Mg?*+ were extracted with 1M KCI solution and determined
by atomic absorption spectrometry; Potential acidity (H+Al),

was extracted with calcium acetate buffered (pH 7.0) and
determined by titration; Phosphorus (P), sodium (Na*) and
potassium (KK*) were extracted with Mehlich 1 solution, with
P determined by colorimetry and K* and Na* by flame
photometry; N was determined by the semimicro Kjeldahl
method; Mn, Fe, Cu, Zn, were extracted with Mehlich's
solution 1 and determined by atomic absorption
spectrometry. The Si was extracted with 0.2 mol 1.1
ammonium acid oxalate solution (pH 3.0) and determined by
ICP-OES.

Table 1. Soil chemical characterization collected at the manganese
mining area, Ocara, CE.

Tabela 1. Caracterizagdo quimica do solo coletado na édrea de
mineragio de manganés, Ocara, CE.

pH (Water) 6.7
JNES o 0.1
Ca2* = 5.7
o]
Mg2* g 2.08
Na* =2 0.04
K+ ! 0.35
H+Al 1 0.9
p (mg kg1 6.8
N 1.25
1
Si kg 0.00
Mn —~ 332
Fe e 5.15
Cu & 1.82
Zn = 523

2.2. Cultivated plant and AMF inoculum

The plant species chosen in our study was Leucaena
lencocephala. We chose this species because it is to be of
multiple use and because it has potential for use in
revegetation practices in soils contaminated by HM (JUSON
et al,, 2016). In addition, this species is able to grow well in
soils with low fertility, probably due to its ability to fix
atmospheric nitrogen and to associate with AMF, thus
making it a promising plant species. The AMF used was the
species Claroideoglomus etunicatum. 'To obtain the inoculum soil,
we used corn plants (Zea mays 1..) as trap crop, cultivated in
sterile sand. We chose this AMF species for its good
performance in increasing plant growth in soil contaminated
by Mn (GARCIA et al., 2020). A volume of 40g inoculum,
containing spores, fragments of colonized roots, mycelium
and sand, were used as AMF inoculum soil. We performed a
preliminary count of spores in the inoculum soil, which
showed ~300 viable spores in 40g soil.

2.3. Experimental setup and plant growth conditions
The experiment consisted of a completely randomized
design, in a 4x2 factorial scheme, with four replications.
Thus, our study consisted of four doses of Si (0; 100; 200;
400 mg kg!) and two mycorthizal treatments (inoculated
with Claroideoglommus etunicatum and control-non-inoculated).
The parameters mycorrhizal colonization and abundance of
AMF spores in the soil were analyzed without the presence
of the uninoculated treatment (control), since such plants did
not show evidence of colonization by AMF, as well as no

Nativa, Sinop, v. 10, n. 3, p. 410-416, 2022.

411



412

Silicon application and mycorrhiza inoculation promoted Leucaena leucocephala growth in a soil highly contaminated by manganese

spores were observed in their rhizospheres, confirming the
effectiveness of the adopted sterilization process.

The soil was distributed in plastic pots with a capacity of
1.5 liters, using 1 kg of soil per pot. Soil fertility correction
was petformed by applying 10 mg kg! of N, 15 mg kg of P,
100 mg kg! of K and 3 mg kg!, mixed with the substrate.
The soutces of nutrients used were CO(NH,),, P2Os, KCl
and CaSOy, respectively for nitrogen, phosphorus, potassium
and calcium. One day after correction, Si doses (0, 100, 200,
and 400 mg kg'!) were applied in the pots containing the soil,
in the form of sodium silicate (Na»SiO3). The doses applied
were chosen following the methodology proposed by Garg
and Singh (2018).

Leucena seeds were superficially disinfected in 95%
alcohol. Subsequently, they were heated to a temperatute of
80°C for 5 minutes, in order to break dormancy. The
production of seedlings to be used in our study took place in
plastic trays, by placing one seed per cell at a depth of 2 cm.
The substrate used to produce the seedlings was sterilized
sand.

At 14 days after sowing (DAS), the plants were
transplanted into the pots. Inoculation with AMF occurred
duting the transplant process. Soil moisture in the
experimental trial was maintained at approximately 60% of
the soil's water holding capacity and plants were allowed to
grow for 90 days after transplanting (DAT).

2.4. Measurements and analytical determinations

At the end of the experimental conduction, growth data
were measured evaluating shoot and root dry mass (g),
number of sheets (plant! unit) and root length (cm). To
obtain the shoot dry mass, the plants freshly harvested were
immediately dried in an oven with forced air circulation at a
temperature of around 65°C. The number of sheets was
obtained through direct counting and the root length was
measured from the plant neck to the tip of the main root,
using a millimeter ruler. After obtaining the dry mass of
shoots and roots, the material was ground to determine Mn
levels in shoots and roots. Mn contents were determined by
atomic absorption spectrophotometry after digestion of
HNO3-HCIO4 (TEIXEIRA et al., 2017).

Arbuscular mycorrhizal colonization was determined
following the methodological procedures described by
Phillips and Hayman (1970). The root fragments were
washed in running water and, later, the root cortex was
clarified by heating (60 °C) in a water bath in a 10% KOH
solution. Then the, roots were stained with 5% acidified
Parker® pen ink (VIERHEILIG et al., 1998). AMF spore
abundance in soil was determined by extracting 100 g of soil
through wet sieving (GERDEMANN; NICOLSON, 1963).

Leaf toxicity by Mn was performed by counting the
number of sheets with symptoms and calculated according to
the formula: (number of sheets with symptoms / total
number of sheets) x 100 (GARCIA et al., 2020).

2.5. Statistical analysis

Data set was submitted to analysis of variance (ANOVA),
using the F test. When significant differences were observed,
the quantitative data were adjusted with fitted with regression
models and the qualitative data were compared using the
Scott-Knott test, using the software Sisvar 5.6 (FERREIRA,
2011).
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3. RESULTS
3.1. Plant growth

All plants that received silicon doses above 200 mg kg-!
significantly reduced shoot dry mass production (Figure 1a).
On the other hand, when they were inoculated with AMF,
they showed an increase in the production of shoot dry mass,
when compared to plants without inoculation, mainly in the
presence of Si, regardless of the applied dose. A similar
pattern was found for root dry mass. However, plants
without AMF inoculation showed a significant reduction,
even with the application of increasing doses of Si (Figure
1b).

The number of sheets of the inoculated treatments with
AMF was significantly (~362%) higher, especially when
compared to plants without AMF inoculation (Figure 1c).
The root length increased as a function of increasing doses
of Si applied in the soil in both treatments (with and without
AMF) (Figure 1d). However, the difference between
inoculated and non-inoculated treatments was only
evidenced at the dose of 200 mg kg! of Si, where plants
inoculated with AMF showed a significant increase of 15.7%
in root length when compared to plants without AMF.
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Figure 1. Dry mass of shoot (a) and root (b) as a function of Si doses
and treatments with AMF inoculation. Number of sheets as a
function of treatment with AMF inoculation (c). Root length as a
function of Si doses and treatments with AMF inoculation (d).
Means followed by the same letters do not differ by Scott-Knott test
(p< 0.05).
Figura 1. Massa seca da parte aérea (a) e raiz (b) em funcdo das doses
de Si e tratamentos com inoculagio de FMA. Nimero de folhas em
funcio do tratamento com inoculagio de FMA (c). Comprimento
da raiz em funcio das doses de Si e tratamentos com inoculacio de
FMA (d). As médias seguidas pelas mesmas letras ndo diferem pelo
teste de Scott-Knott (p=< 0,05).

3.2. Mycorrhizal
Abundance in Soil

Mycorrhizal colonization showed a maximum increase
(~32%) up to the estimated dose of 181.54 mg kg! of Si,
which started to decrease from this value onwards (Figure
2a). On the other hand, the abundance of AMF spores in the
rhizosphere decreased as a function of the increasing doses

of Si (Figure 2b).

Colonization and AMF Spore
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Figure 2. Mycorrhizal Colonization (a) and AMF Spore Abundance
in Soil (b) in L. /lencocephala as a function of the doses of Si applied
to the soil.
Figure 2. Colonizagao micorrizica (a) e abundancia de esporos de
FMA no solo (b) em L. lencocephala em funcio das doses de Si
aplicadas no solo.

3.3. Manganese in shoots and roots

The levels of manganese in shoots of plants inoculated
with AMF showed a maximum increase (346.13 mg kg'!) up
to the estimated dose of 125.78 mg kg of Si, which started
to decrease from this value onwards (Figure 3a). On the
treatment without AMF inoculation decreased linearly as a
function of increasing doses of Si (Figure 3a). All plants
inoculated with AMF showed higher manganese content in
shoots than plants without AMF.

In the roots, the Mn contents were higher than in the
shoot, mainly in plants inoculated with AMF (Figure 3b).
Inoculation with AMF provided a maximum increase
(2367.49 mg kg'!) in the manganese content in roots up to
the estimated dose of 88 mg kg'! of Si, which started to
decrease from this value onwards, while the treatment
without AMF decreased linearly as a function of increasing
doses of Si (Figure 3b).

3.4. Leaf toxicity

Leaf toxicity showed a linear decrease as a function of
increasing doses of Si applied to the soil in both treatments
(with and without AMF) (Figura 4). However, the inoculation
of plants with AMF was able to significantly decrease the leaf
toxicity by Mn, when compared to plants without AMF, up
to the dose of 200 mg kg! of Si, while at the maximum dose
of this element (400 mg kg! of Si) there was no difference in
leaf toxicity when comparing plants with and without AMEF
(Figure 4).

500 74 v y=-0.131693x+90.86 R=0.74"
—~ O +AMF  y= 0.000871x+0.219x+332.35 R’=0.87
"on
—*:D 400 + a
g o
@ o
£ 300 K/\
Qo
=
2]

g

5 200 4

8

=]

Sh o

2 100

0+ T T T T
0 100 200 300 400
Si doses (mg kg’l)

3000 44 SAMF  y =-3.42x+1928.94 R*=0.94""
~ O +AMF  y=-0.008081x+1.420x+2367.49 R’=0.98""
@2500 1 o b
o
E 2000
dg 1 d L]

1500 -
k=
2
§ 1000 H
on
S 500 A J
=
0 -+ T T T T
0 100 200 300 400

Si doses (mg kg’l)
Figure 3. Manganese content in shoots (a) and roots (b) of L.
lencocephala as a function of Si doses and treatments with AMF
inoculation.
Figura 3. Teor de manganés na parte aérea (a) ¢ nas raizes (b) de L.

lencocephala em funcio de doses de Si e tratamentos com inoculagido
de FMA.
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treatments with AMF inoculation.
Figura 4. Toxidez foliar de L. feucocephala em funcio de doses de Si
¢ tratamentos com inoculagio de FMA

4. DISCUSSION

The results obtained point to a benefit generated by the
association of AMF with L. lencocephala, since, there was an
increase in the production of shoot dry mass, root dry mass
and number of sheets, suggestive of the participation of the
mycorrhizal fungus in the increase of Si absorption. It is
known that high concentrations of Mn in the soil can impair
plant growth (FARIA et al., 2020). It can be affirmed that
AMF increased the tolerance of L. fwucocephala to the Mn
excess present in the soil, since, AMF in association with
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plants improve their nutritional status, including in relation
to Si, contributing to its growth and decreasing the availability
of some metals for plants, for example the Mn (GARG;
SINGH, 2018; GARCIA et al. 2020).

According to Emamverdian et al. (2018), Si can act on the
complexation of metal ions in the cell wall, decreasing, in
turn, the translocation of ions from the root to the shoot of
the plant. This fact may have contributed to the improvement
in the growth of L. lencocephala plants under Mn stress in the
present study. In the same way, Wang et al. (2020) also
observed that the application of Si in the soil increased the
growth of Brassica chinensis L. grown in soil contaminated with
several HM.

Regarding root length, there is little differentiation
between treatments (with and without AMF) and both
obtained positive results in relation to root system growth,
evidencing possible action of Si in increasing the tolerance of
plants in the presence of Mn. However, the mechanisms of
Si responsible for this possible protection are still not well
understood (VACULIK et al., 2021). Ur Rahman et al. (2021)

o NEN
Figure 5. Mycorrhizal colonization of L. kucocephala at different
kg-1; d — 400 mg kg-1).

: S
silicon doses a

state that Si supplementation in wheat plants grown under
cadmium stress increased the length and volume of their
roots.

It is worth mentioning that the relevant results obtained
with the addition of Si, in terms of benefits for plants, are
more evident under stress conditions (BHAT et al., 2019). It
is also important to note that, in addition to plants,
microorganisms are also affected when exposed to high levels
of HM in the soil. Such a fact can explain why, in this study,
inoculation with AMF did not have much influence on root
length, being possible that the high concentrations of Mn
have reduced the ability of the fungus to influence the greater
growth of these roots. Except for the root length, the results
found suggest that AMF inoculation and Si application in the
soil, act synergistically and alleviate Mn stress, increasing the
growth of L. leucocephala.

With regard to mycorrhizal colonization, it was observed
that, despite its decrease in plants under higher Si doses in
the soil (Figure 5), the symbiosis with C. etunicatum ~was
effective and did not limit the development of these plants.

C

N ) . (L
pplied to the soil (a — 0 mg kg-1; b — 100 mg kg-!; ¢ — 200 mg

Figura 5. Colonizag¢do micorrizica de L. leucocephala em diferentes doses de silicio aplicadas ao solo (a — 0 mg kg-!; b — 100 mg kg-1; ¢ — 200

mg kg-1; d — 400 mg kg-1).

Moreover, the foliar symptoms of Mn toxicity did not
increase with the decrease in colonization, on the contrary,
there was a decrease in the percentage of foliar toxicity as the
Si doses were increased, indicating that there was no isolated
effect of AMF. Garg and Sing (2018) also point out that this
interaction does not decrease the ability of AMF to colonize
plant roots. It is worth mentioning, that another factor that
may be related to the dectrease in mycorrhizal colonization is
the density of the roots, since decreases in the dry mass of
plants’ roots were also observed under higher Si doses.

Increasing Si doses significantly influenced AMF spore
abundance in soil, which decreased with increasing amounts
of applied Si in the soil. However, this factor was not
reflected in greater damage to the plants, since they all
showed similar development. Was noticed that mycorrhizal
colonization had a low relationship with spore abundance,
this is consistent with the fact that the number of spores in
the soil minimally impacts the potential for mycorrhizal
colonization in the roots (BAREA et al, 1991). The few
studies that evaluated the interaction between Si and
mycorrhiza in plants under stress conditions due to the
presence of large amounts of Mn did not correlate
mycorrhizal colonization with AMF spore abundance in soil
and with the influence of Si (YOST; FOX, 1982). In general,
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what can be inferred from the results obtained is that Si had
a negative influence on AMF spore abundance in soil, since
increasing the applied doses resulted in a decrease in the
number of spores in the rhizosphere of L. leucocephala.

All plants inoculated with AMF showed higher levels of
Mn in the shoot than uninoculated plants, a result that differs
from some studies found with other HM (ULTRA et al,
2021). Garcia et al. (2020) explain that often the uptake of
Mn and its concentrations in plants are lower in mycorrhizal
plants. Although not well understood, this behavior has been
attributed to different mechanisms of AMF protection to
plants against excess HM in the soil, including the retention
and immobilization of these elements on the surface of AMF
spores (GARCIA et al.,, 2020). The result for this study,
however, is not an indicator of inefficiency for the treatment
with mycorrhiza, since this association obtained the best
results for all the variables analyzed in this study. Even
though high levels of Mn were obtained in the shoots, the
concentration of this element did not exceed the level
considered toxic to plants, which is 400 mg kg! of Mn in the
dry mass of the shoot (KABATA-PENDIAS, 2010).

Moreover, it is also worth mentioning that Si can help
against the effects of HM contamination in plants. Among
the mechanisms that act in this process are the decrease of
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metal ions in the soil and their absorption in the plant,
chelation of metals, gene regulation related to the transport
of metals, stimulation of antioxidants and structural changes
in plants (BHAT et al., 2019).

In general, in both treatments (with and without AMF)
the highest levels of Mn were found in the roots compared
to the shoot of the plants, with emphasis on the mycorrhizal
plants. This greater accumulation of Mn in the roots may
explain the lower levels found in the shoot, which may
characterize this plant species as a potential indication for use
in phytostabilization programs. Motaharpoor et al. (2019)
also observed high concentrations of Cd in the roots of
plants inoculated with AMF, having the authors attributed
these results to the sequestration of metals in the cell wall and
in compartments in the structures of the AMF. With respect
to Si, it is notable that this element, as well as AMF, can also
help in the retention of metals in the roots. According to
Khan et al. (2021), Si can help to increase the cell wall
thickness of roots, forming a physical barrier that binds and
restricts the transport of HM.

The treatments with AMF inoculation showed the lowest
leaf toxicity percentage in relation to the treatments without
inoculation. These results may be partially related to the
decrease in Mn content observed in the shoots of the plants
(Figure 3a) as a result of the interaction with Si. However, the
decrease in Mn content in the shoots of the plants is
apparently not related to the greater absorption by the roots
obsetved, since Mn concentrations in roots also tended to
decrease with increasing Si supplementation (Figure 3b).

The decrease in leaf toxicity percentage in these plants
may probably be associated with a decrease in the availability
of this metal in the soil and, consequently, its lower
absorption. Some authors recognize the action of Si in the
immobilization of HM in the soil (VACULIK et al., 2021).
Bhat et al. (2019) explain that Si can stimulate plant roots to
release a greater amount of flavonoids and organic acids that
can act in the chelation of metals in the soil and, therefore,
reduce their phytotoxicity. Another effect of Si in the soil
would be to favor an increase in the pH of the soil solution,
resulting consequently in a decrease in the availability of
metallic elements (KHAN et al., 2021). Analyzing especially
the action of AMF, results similar to those found in this study
were observed by Garcia et al. (2020) while studying the
attenuation of foliar toxicity in mycorrhizal L. Jeucocephala
plants under increasing levels of Mn in the soil.

The interaction of Si doses with AMF for the leaf toxicity
variable was of great value, from the lowest to the highest
applied Si dose. It can be affirm that the association of AMF
C. etunicatum with L. leucocephala, in conjunction with Si,
significantly attenuates the foliar symptoms of toxicity caused
by Mn excess.

5. CONCLUSIONS

The inoculation of AMF and the application of Si in the
soil, together, alleviate the stress caused by Mn and increase
the growth of L. /lencocephala. Furthermore, Si proved to be
effective, up to a dose of 200 mg kg'!, in maximizing the
growth of mycorrhizal plants under Mn stress. It is likely that
this dose of Si may differ depending on the type of soil, metal,
plant species, and AMF. In a future perspective, our study
can serve as a basis to assist in revegetation practices in
mining areas with Mn excess.
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