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ABSTRACT ARTICLE HISTORY
Several efforts have been made in recent years to mitigate the different Received 15 July 2019
environmental impacts related to agricultural activities. Rock dust technology Accepted 20 August 2019
is an important soil remineralization mechanism for sustainable tropical agri-
culture. The objective of this study was to evaluate the effect of dunite rates on 7 . .

q oo q q 5 N ea mays; magnesium
magnesium (Mg), silicium (Si), reducing sugars, sucrose and foliar starch, soil fertilization: silicium:
chemical attributes and corn yield [Zea mays L] in two soil types. The treat-  yojcanic rock powdérs;
ments consisted of five dunite rates (0, 42, 208, 542, and 1542 mg kg™') in natural soil fertilizers
a clayey soil and five dunite rates (0, 150, 238,411, and 933 mg kg™') in a sandy
soil. In both crops and soils, the content of Mg, Si, leaf reducing sugars, pH, Mg
and Si of the soil and productivity components presented a positive response
as a function of an increase in the input dose. However, the higher Mg nutrition
resulted in lower levels of sucrose and foliar starch. The better plant partition-
ing of metabolites led to better development, filling and yield of corn grains.

KEYWORD

Introduction

Brazil is currently one of the world’s largest producers of corn, with a production of approximately
97 million tons, and the second largest exporting country (CONAB (National Supply Company)
2019). The growing demand is due to its wide use in food and feed. Corn agribusiness is the sixth
largest income generating activity in the national agricultural economy (CONAB (National Supply
Company) 2019). Soil fertility management and crop fertilization, which determine the highest
economic yields, are variable for each region, according to the chemical and granulometric proper-
ties of soils. Thus, dunite is a viable option in agriculture because this is a nutrient source for the
crop and can be used as a magnesium (Mg) source for several crops (Moretti et al. 2019).

According to Ramos et al. (2015), given that Brazil is one of the largest suppliers of food in the
world, study of volcanic rock dust as a potential fertilizer with respect to the content and release of
nutrients and to the economic and market viability is still required to provide the development of
sustainability policies for mining activity and food production. According to Assis and Dias (2007),
dunite is an igneous rock, which is essentially a peridotite, magmatic or eruptive material, consisting
mostly of olivine (MgFe),SiO,, containing approximately 40% Mg oxide (MgO) and 34% Si oxide
(Si0,). The application of rock dust for remineralizing the soil is related to its mineral characteristics
and its interaction with the environment in which it will be applied to improve the conditions of soil
fertility (Moreira et al. 2006; Ramos et al. 2017).

The role of Mg in several vital functions in plants is well understood. A deficiency of Mg in plants
may be caused by soil reserve depletion but can also be induced by low Mg assimilation by the roots
due to competitive inhibition caused by an imbalance of some cations, such as calcium (Ca),
potassium (K), manganese (Mn), and zinc (Zn) (Canizella et al. 2018; Crusciol et al. 2016; Kwano
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et al. 2017; Trankner, Tavakol, and Jakli 2018). Reduced transport and accumulation of carbohy-
drates in Mg-deficient leaves cause alterations in photosynthetic carbon metabolism and restrict CO,
fixation (Farhat et al. 2016; Kwano et al. 2017).

Magnesium is closely linked to the partitioning between the synthesis of starch, transport of triose
phosphates in the cytosol and the formation of sucrose, so that low availability of Mg leads to
a reduction in cytosolic glucose-fructose bonds (Ceylan et al. 2016). However, the accumulation of
carbohydrates in leaves is an evident response that is part of a signaling system that still needs
further studies to understand the role of Mg in photoassimilate phloem loading and the accumula-
tion of metabolites in deficient leaves. Thus, this study aimed to evaluate the effect of fertilization
with dunite on the nutritional, metabolic and grain yield of corn, as well as on the soil chemical
attributes in two soils with different clay contents.

Materials and methods

A greenhouse experiment was carried out in the 2016-2017 cropping season at the College of
Agricultural Science, Department of Crop Science, Botucatu, Sio Paulo State, Brazil. The soils
used in the experiment were two Rhodic Hapludoxes (Santos et al. 2013) with clayey and sandy
textures. The clayey soil contained 602 g kg™' clay and 281 g kg™' sand, and the sandy soil contained
259 g kg ™' clay and 724 g kg™ sand. The soil chemical attributes (0.0-0.2 m depth) were determined
according to van Raij et al. (2001), as demonstrated in Table 1

Dunite presents the following chemical attributes: 24% Mg (40% MgO) and 16% Si (34% SiO,).
The experimental design was completely randomized, with four replicates for both soils. The
treatments consisted of the application of five dunite rates: 0, 42, 208, 542 and 1542 mg kg™ for
clayey soil, and five dunite rates: 0, 150, 238, 411, and 933 mg kg ™" for sandy soil. Pots with a 20-L
capacity were used in both experiments.

Nutrients were supplied as 200 mg kg™' - N and P, 150 mg kg”' ~ K, 15.0 mg kg”' - S, 5.0 mg
kg™' - Zn, 1.5 mg kg' - B (boron), and 0.5 mg kg™ - Cu (copper). The soil water content in pots
was corrected to —0.01 MPa (field capacity), corresponding to 112 g kg™", respecting the equilibra-
tion period (60 to 100% field capacity). Five seeds (Dow 2B 587 PW hybrid) were sown per

Table 1. Chemical and granulometry characteristics of soils

(0-0.2-m depth).
Soils

Soil properties Clayey Soil Sandy Soil
pH (CaCly) 5.2 5.4
P (resin): mg dm_3 6 3
SOM., g dm™ 252 13.1
Ca**, mmol, dm~3 35 18
Mg**, mmol. dm™ 8 2
K*, mmol. dm™ 0.7 0.5
H*+AP*, mmol, dm™3 29 18
AP*, mmol. dm™ 0 0
$-50,%, mg dm™ 26 15
Fe, mg dm™ 20 35
Cu, mg dm™ 8.4 16
Mn, mg dm™ 153 19
Zn, mg dm™ 0.9 03
B, mg dm~3 0.4 0.3
Si, mg dm™ 13 7
CEC, mmol, dm™ 73 39
BS, (V), %° 60 53
Clay, g kg™’ 602 259
Sandy, g kg™ 281 724
Silte, g kg™ 117 17

3Soil organic matter; *Cation exchange capacity; *Base saturation
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treatment, and three plants were left per pot after emergence. Four reference pots were weighed
every four days, and as needed, distilled sterile water was added to return the water content to field
capacity (-0.01 MPa).

Leaves were collected and ground in a Wiley-type mill coupled to a 1-mm sieve. Then, the Mg
and Si contents were determined (Malavolta, Vitti, and Oliveira 1997). The partitioning of carbohy-
drates as reducing sugars (glucose and fructose), sucrose and starch content, measured in the dry
matter of leaves, was determined according to the methodology of Nelson (1944). The readings were
performed using a spectrophotometer at 535 nm. At the same time as the foliar diagnosis, two plants
were collected for dry mass analysis.

The plants were grown until the end of the cycle, and the mass of 100 grains was determined
by means of precision scale weighing, value correction (13% on a wet basis) and the number of
grains per ear. The grain yield was expressed as g plant™". After harvest, a soil sample of each
pot was collected, and the pH, Mg and Si contents were analyzed according to van Raij et al.
(2001).

Statistical analysis

All data were initially tested for normality using the Shapiro-Wilk test (Shapiro and Wilk 1965) from
the UNIVARIATE procedure of SAS version 9.3 (SAS Institute 2015), and the results indicated that
all data were distributed normally (W > 0.90). The data were submitted to analysis of variance
(ANOVA) and F-test (p < 0.05). A polynomial regression analysis was performed to determine
dunite-rate response curves for measured corn and soil traits, where significant regression equations
with the highest coefficients of determination were selected.

Results and discussion

The Mg and Si leaf contents of the corn crop increased linearly as a function of the increase in the
dunite rates, regardless of soil texture. The maximal contents obtained for these nutrients in corn
leaves were 3.4 g kg'' Mg and 18.3 g kg™' Si when grown in clayey soil (Figure la and b) and
3.9 gkg ' Mg and 15.3 g kg™ Si when grown in sandy soil (Figure Ic and d). Dunite is a mineral
material that undergoes heating at temperatures close to 400°C, a process known as sepertinization.
As a result, approximately 90% of the magnesium and silica minerals present are hydrated, thus
increasing their solubility in the system, making them more easily absorbed by the plant root system
(Fernandes, Luz, and Castilhos 2010).

Mg is the most abundant divalent cation in the plant cytosol. It has a fundamental role in plants
and several other organisms due to its ability to interact with nucleophilic binders (Cakmak and
Kirkby 2008), as well as being the central atom of the chlorophyll molecule and being involved in
numerous photosynthetic processes (Ceylan et al. 2016). It is known to be the largest enzymatic
activator, of enzymes such as RNA polymerases, ATPases, protein kinases, phosphatases, glutathione
synthetase and carboxylases (Triankner, Tavakol, and Jakli 2018). Small variations in the concentra-
tions of this element in chloroplasts are sufficient to alter the activity of several important enzymes of
plant metabolism (Wang et al. 2012). Considering the bottleneck of the Mg supply for agricultural
systems, dunite is an important source of this element. Furthermore, due to its behavior similar to
magnesium silicate, it has a high potential of supplying Si to the soil.

In general, most grass plants (e.g., corn, wheat, triticale, ryegrass, sorghum, rye and barley) are
known as Si-accumulating species, although root uptake is inferior to rice (Nikolic et al. 2007). The
first Si transporters were studied in rice plants (Ma et al. 2007). They are responsible for infiltration
(Lsil) and silicon efflux (Lsi2). These same carriers were also identified in barley and corn (Chiba
et al. 2009; Mitani et al. 2009). In the case of corn, the ZmLsil transporters are located in the
epidermal, hypodermic and cortical cells, and their expression levels are not influenced by the Si
supply (Chiba et al. 2009).
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Figure 1. Mg (a) and Si (b) contents in corn leaves grown in clayey soil as a function of the dunite rate. Mg (c) and Si (d) contents
in corn leaves grown in sandy soil as a function of the dunite rate.

In contrast, the efflux transporters (ZmLsi2) are more numerous in the mature root zone (>
10 mm) than in the root tips (Mitani et al. 2009). These efflux transporters are located only in the
root endoderm (Ma, Yamaji, and Mitani-Ueno 2011). In the plant, Si is transported in the form of
Si(OH);, silicic acid, and its supply to these types of plants is of paramount importance because it is
related to numerous processes of defense against biotic and abiotic factors (Luyckx et al. 2017). Its
accumulation in the cell wall has the potential to reduce insect pest attack efficiency and to reduce
plant transpiration, especially under conditions of low water availability. In addition to its physical
effects, Si participates in the metabolic processes that control salicylic acid, jasmonic and abscissic
acid, which are important in the stress-fighting process of plants (Kim et al. 2014).

With the increase in dunite rates, there was a linear increase in reducing sugars and a linear
decrease in sucrose and starch contents in the leaves of corn grown in clayey soil (Figure 2). The
photosassililated contents at the highest dose of rock powder were 71.4 and 74.8 g kg™' for reducing
sugars (Figure 2(a and d)), 42.5 and 42.8 g kg_1 for sucrose contents (Figure 2(b and e)) and 43.3 and
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Figure 2. Reducing sugars (a), sucrose (b) and starch (c) in dry leaves of corn grown in a clayey soil as a function of the dunite
rate. Reducing sugars (d), sucrose (e) and starch (f) in dry leaves of corn grown in a sandy soil as a function of the dunite rate.
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419 g kg™ for starch contents (Figure 2(c and f)) for corn grown in clayey and sandy soil,
respectively. Moretti et al. (2019) reported similar result with the addition of dunite in soybean.

The supply of Mg provided by the solubilization of rock dust strongly influences several processes
that modulate the long-distance production and translocation of carbohydrates from the source
organs to the plant sink organs (Ceylan et al. 2016; White and Broadley 2009). The production of
reducing sugars (fructose + glucose) and their subsequent conversion into sucrose and other more
complex carbohydrates are important steps that guarantee plant development. Sucrose is the main
form of transport of carbon skeletons in plants and is carried out via the phloem using a proton
gradient and an H +/sucrose co-transporter established by a plasma membrane H + -ATPase, which
provides energy for the loading process and maintains sucrose transport in phloem cells (Farhat et al.
2016).

The results indicate that the corn plant under increasing doses of dunite, mainly due to the
greater availability of Mg, increased the production of reducing sugars, indicating full photosynthetic
activity and carbon fixation, whereas decreases in the amount of sucrose indicate that the transport
of photoassimilates to the sink organs occurred more efficiently as the levels of rock dust increased.
Similarly, the starch formed in the chloroplasts is consumed overnight as the carbon skeleton source
for the respiration process, with sucrose as a by-product. This is then transported to the plant sinks
and/or is used metabolically (Cakmak and Kirkby 2008; Ceylan et al. 2016).

The corn shoot dry matter (SDM) increased linearly as result of the increase in the dunite rates,
regardless of the soil texture, reaching 170 g in the clay soil and 171 g in the sandy textured soil
(Figure 3(a and e)). The number of grains per spike showed a quadratic behavior as a function of the
increase in the dunite rate in the clayey soil, with a dose of maximum technical efficiency (DMTE) of
981 kg ha™" of rock dust (Figure 3(b)) and a mean of 466 grains per ear, while under cultivation in
sandy soil, the averages adjusted to a linear equation increased, with a maximum value of 442 grains
per spike (Figure 3(f)). The mass of 100 grains and grain yield per corn plant increased linearly with
increasing dunite rates, with respective values of 28.2 g and 154 g plant™" when grown in clay soil
(Figure 3(c and d)) and 28.9 g and 153 g plant™' when grown in sandy soil (Figure 3(g and h)).

The biomass accumulation of corn plants presented the same trend as the nutritional and
photosynthetic metabolism. Cell division and expansion depend directly on the full metabolic
functioning of the plant, which is influenced by photosynthetic nutrition and performance. All
processes governing photosynthesis, the activation of enzymes linked to carbon fixation, and
partitioning of photoassimilates are strongly modulated by the Mg supply (Ceylan et al. 2016). In
this way, energy conversion occurs in SDM accumulation and grain filling. The direct translocation
of photoassimilates and the redistribution of the reserve pool to the drainage organs contribute to
grain filling (Ceylan et al. 2016). The reserve tissue of cereal grains is amyliferous; thus, the poor
translocation of carbohydrates to grains implies a reduction in the final weight (Wang et al. 2012). Si
may also have contributed to the results obtained. Si is a strong agent in the composition of the cell
wall, providing mechanical support to the plant structures (Ma et al. 2007). Its supply guarantees
better leaf architecture, favoring light interception, and contributing to greater photosynthetic
activity (Haynes 2017).

The application of the dunite altered some soil chemical attributes, increasing the pH of the clayey soil
after corn cultivation, raising the pH to 5.6 at the highest dose of rock dust (Figure 4(a)), whereas when
applied to sandy soil, the response was quadratic for this same attribute, with DMTE of 785 kg ha™' and
a pH value of 5.5 (Figure 4(b)). In the same way that the Mg and Si contents increased linearly by increasing
the dose of rock dust, the content of these elements increased linearly in the soil. The respective contents
of Mg and Si at the highest dunite rate were 24.1 mmol. dm ™ and 21.31 mg dm™ in the clayey soil (Figure
4(b and ¢)) and 9.7 mmol. dm™ and 10.3 mg dm™ in the sandy soil (Figure 4(e and f)).

Dunite is composed of magnesium silicate, a neutralizing species capable of reducing the active
acidity of the soil. The rock powder consists of 34% SiO, and 40% MgO, both with a neutralization
capacity relative to CaCOj3 of 1.0 and 2.5 times, respectively (Alcarde 2005). This material is another
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important source of soil acidity correction, in addition to providing Mg and Si to the system (Castro
and Crusciol 2013).

The levels of these soil elements increased in the same proportion as the dunite levels used. It is of
great importance to emphasize that the texture of the soil directly influences the changes in pH
depending on the dose. Soil sandy soils have a relatively low buffering power (Barbosa et al. 2008),
which explains the absence of responses to the higher Dunite rates in this type of soil, while in the
clay soil, the pH change response was linear with an increase in the dunite rates. As for the Mg and
Si contents obtained in the two soil types, it is evident that the clayey soil naturally has a higher
capacity of cation retention in its colloids. In contrast, the values found in the sandy soil did not
limit the development of the crop, presenting data similar to those obtained when corn was grown in
the clay soil. This fact indicates that the process of serpentinization that occurs during dunite
processing is highly efficient and is able to make these nutrients available in less fertile soils.

In general, it is necessary that the minerals present in the rock powder be weathered to become
available in the soil and absorbed by the plants, a fact that is potentially greater in soils with a more
clayey texture. More clayey soils present higher water retention capacity, soil organic matter and,
consequently, higher soil microbiological activity, which are highly connected with the intemperiza-
tion of soil minerals (Silva et al. 2012). Thus, sandy soils would be less prone to successful
application of rock dust products. However, in the present study, the dunite was not limiting in
the soil with a sandy texture and was able to supply the plants with Mg and Si.

Conclusions

Rock dust technology is a mechanism of remineralization of soils for a sustainable tropical agricul-
ture. There was an increase in the Mg and Si contents in the plant and soil and acidity correction
(pH) with the application of dunite to clayey and sandy soils. The increased rates resulted in a higher
content of reducing sugars and lower levels of sucrose and foliar starch and thus better partitioning
of metabolites for the corn crop. Dunite resulted in greater vegetative growth, filling and yield of
corn kernels in soil with a clayey and sandy texture.
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