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ABSTRACT

The water extracted from the shale rock (shale
water) through the pyrolysis process to obtain
fuel oil and other products shows a composition
based on organic compounds and a wide range
of minerals and trace elements with an important
role in plant nutrition, suggesting its use as a
fertilizer. Thus, the influence of foliar application
of shale water (SW), with or without the micro-
nutrients zinc (Zn), manganese (Mn), copper
(Cu), boro (B) and molybdenum (Mo), was evalu-
ated regarding yield and quality of maize grains.
The yield, the total antioxidant activity, and the
content of starch, phenolic compounds and ca-
rotenoids were improved in maize grains fol-
lowing the application of three doses of 7 L/ha of
SW, which indicates that SW may influence the
primary and secondary metabolisms. The ap-
plication of SW with micronutrients resulted in
the increase of grain yield; however, did not re-
sult in the improvement of grain quality. The
foliar fertilizer formulations also had an influ-
ence in the content of minerals and aminoacids
of the grain. The results indicate that SW has
potential to be used in agriculture to improve
yield and quality of maize.

Keywords: Maize; Shale Water; Foliar Application;
Grain Quality; Biofortification

1. INTRODUCTION

Nowadays, the search for food with nutritional and
functional quality, free of toxic residues, as well as envi-
ronmental friendly produced, is a worldwide tendency.

Copyright © 2013 SciRes.

Major cereal crops are staple foods that have the role to
provide great amount of dietary macronutrients such as
carbohydrates, lipids and proteins, micronutrients such as
minerals and vitamins, as well as functional compounds,
which can improve human health [1,2]. In particular,
maize is one of the major crops cultivated over the world,
mainly in developing countries, with a varied range of
consumed forms and utilizations. Because of this, the
efforts for the biofortification of this crop are of interest
[3.4].

Maize grains are a considerable source of poliphenol
antioxidants, especially phenolic acids such as ferulic,
caffeic and p-cumaric acids [5]. This cereal also displays
great natural variation for carotenoid composition, in-
cluding the xanthophylls lutein and zeaxanthin and vita-
min A precursor’s a-carotene, f-carotene, and S-cryp-
toxanthin [2,6]. Most of these compounds have an im-
portant role as antioxidants and regulators of the human
immune system, resulting in the prevention of cardio-
vascular diseases, as well as several types of cancer and
other age-related diseases [4,7]. Therefore, phenolic
compounds and carotenoids are important targets for
biofortification efforts, especially vitamin A precursors,
because the dietary deficiency of vitamin A is related to
eye diseases in many developing countries that have
maize as their major dietary source [8].

The increase in agricultural production and the purity
of industrial fertilizers have resulted in depletion of soil
and reduction of micronutrients phytoavailability; there-
fore, the application of fertilizers have become an impor-
tant biofortification approach to increase mineral content,
especially in cereal grains, that are relatively poor
sources of mineral nutrients [3]. However, studies about
mineral fertilization have been focused in the improve-
ment of carotenoids and phenolic compounds content are
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scarce in the literature. Moreover, one bottleneck of this
agronomic intervention is the cost and environmental
impact of solid fertilizers, since a great part of them is
leached [9]. Thus, new investigations on alternative and
natural sources of fertilizers and/or biostimulant products,
able to deal with the gradual poorness of soil, and to
maximize plant mineral uptake resulting in benefits in
grain quality and yield, are of great interest.

Foliar fertilization with micronutrients has been inten-
sively used in the late years because this practice allows
the application of minerals at the appropriate time during
plant development (according to plant needs), it allows
uniformity in nutrient distribution and increase in the
nutrient absorption, and consequently it avoids losses in
the environment [10]. Nowadays, the use of bioactive
substances, such as chitosan, benzothiadiazole, gly-
phosate, salicylic acid and some phytohormones, which
can be applied concomitantly with the foliar fertilizer,
have also shown promising results in influencing plant
growth and development, playing a role on gene expres-
sion, plant defense metabolism, and in the mineral nutri-
ents uptake [11].

The chemical composition of shale water (SW), the
constituent water of shale pyrobituminous rock, which is
extracted during the pyrolysis process to obtain, for in-
stance, fuel oil, sulfur and gas (LPG), was recently de-
scribed [12]. The composition of SW is based on several
organic compounds, mainly phenols, as well as minerals
and trace elements of interest for plant nutrition. The
application of SW in lettuce [12] and pepper [13] plants
resulted in the increase of yield and mineral content,
suggesting its potential as a foliar fertilizer. Furthermore,
a previous study was performed in order to evaluate the
food safety of using SW in agriculture. To this purpose,
SW was applied via foliar in the lettuce crop that was
considered an excellent biological indicator of food qual-
ity, because it is usually eaten “fresh”; and environmental
quality, because of its high susceptibility to contaminants.
As a result, no harmful element or compound was de-
tected in the lettuce leaves treated with SW, indicating
that the use of SW as foliar spray in agriculture repre-

sents an environmental friendly alternative for the dis-
posal of this by-product [12]. Therefore, in the present
study we evaluated the effect of foliar application of
formulations based on SW, delivered with or without
micronutrients enrichment, on vegetative growth, yield
and quality of maize grains.

2. MATERIAL AND METHODS
2.1. Experimental Design and Treatments

The commercial maize hybrid 30F53 (Pioneer™) was
grown on field in four rows per block, 10 m long, con-
taining 20 plants per row. Plots were spaced 0.25 m apart
within rows, with rows spaced 0.80 m apart. During
sowing, 280 kg/ha of the formula 10-20-10 (N-P-K) was
applied, and 30 days after germination an application of
urea (90 kg/ha) was performed. The experimental block
design was randomized, with five replications and five
treatments, as follow: C, control (distilled water); DW-M,
micronutrients diluted in distilled water; SW-M, micro-
nutrients diluted in shale water; SW-1, 2.5 L/ha of shale
water; and SW-2, 7 L/ha of shale water. The micronutri-
ents used in the treatments DW-M and SW-M were: 8%
zinc (Zn) in the form of ZnSO,, 1.5% manganese (Mn) in
the form of MnSQOy, 1.5% copper (Cu) in the form of
CuSO0y, 0.5% boro (B) in the form of H3BO3 and 0.5%
molybdenum (Mo) in the form of (NH;)6Mo;0,. All
treatments were supplied with a surfactant plus mineral
oil as adjuvant and adjusted to pH 5.5 - 6.0 using chlo-
ridric acid (Vetec®, Rio de Janeiro, Brasil). The mineral
and organic composition of the SW used in the experi-
ment was previously describe [12] and is presented in
Table 1. The applications of the formulations were per-
formed with the use of a pressurised sprayer (CO,) ad-
justed to an equivalent nozzle flow rate of 100 L/ha.
Three applications of the treatments were performed: the
first two applications occurred during the vegetative
growth period (V6-V8 and V9-V10 stages, according to
Hanway [14]), and the third application occurred during
the reproductive phase (spraying flowering and pollina-
tion, stage R1, according to Hanway [14]). In these

Table 1. Chemical composition of the shale water used in the experiment.

Mineral Composition

S Na Si Cl As Se
mg/L

595 2.74 1.22 0.3 1.19 0.98

Ca K Mg B Fe Cu Zn Hg Mn
pg/L

653 100 158 135 130 17.7 17.1 12 3.9

Organic Composition
Sulphate  Total Cresols Cyanide Toluene Etilbenzene m.p-Xilene 4-Metilphenol Phenol 2-Metilphenol 2.4-Dimetilphenol

mg/L

162 133 0.36 0.13 0.01 0.01 91.8 66.7 45.9 29.3
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stages the major nutritional demand of maize plants oc-
curs [15].

2.2.Yield of Maize Grains

At physiological maturity (R6 stage, according to
Hanway, 1966), the cobs from the useful area (two cen-
tral rows) were harvested, dried at 65°C until approxi-
mately 13% moisture content, and weighed in order to
evaluate yield of maize grains.

2.3. Amino Acids Composition and
Carbohydrate Content of Maize Grains

The free amino acids were extracted from 50 mg of
lyophilized maize grains samples (at physiological ma-
turity) with 25% acetonitrile in 0.1 N chloridric acid so-
lution, using the Ez:faast kit from Phenomenex® (Tor-
rance, CA).

After centrifugation at 18.890 g, the supernatant was
filtered in a 0.45 um PTFE syringe and 2 puL was injected
in a gas chromatography (GC-FID, Shimadzu, Japan)
with a capillary column ZB-AAA. The carrier gas used
was N, with the flow of the column adjusted to 2 mL/min
and pressure of 60 kPa. The flow rate valve was split
1:17 and the injection and detection temperature was 280
and 320°C, respectively. The starch and the total soluble
sugar (TSS) content of maize grains at physiological
maturity were quantified by the method with anthrone
[16]. All determinations were made in three analytical
replicates and five field replicates.

2.4. Mineral Composition of Maize Grains

The mineral composition was determined in dried
maize grains samples collected at physiological maturity.
The nitrogen (N) and sulfur (S) content was carried out
on CHN-S analyzer coupled (LECO®, St. Joseph, MI).
The content of phosphorus (P), potassium (K), calcium
(Ca), magnesium (Mg), copper (Cu), iron (Fe), manga-
nese (Mn) and zinc (Zn) was quantified by atomic ab-
sorption spectrometry (AAS) (Varian™ AA240FS, Santa
Clara, CA) from 250 mg of sample digested with 1 mL
of H,O, and 5 mL of HNO; in microwave, according to
Da Silva [17]. Means value from three analytical and
five field replicates were expressed as g/kg DW for
macronutrients and mg/kg DW for micronutrients.

2.5. Assessment of Secondary Metabolism

2.5.1. Antioxidant Activity, Phenolic Compounds
and Carotenoid Content

For the analyses of secondary metabolism, lyophilized

grains collected at physiological maturity were crushed

with mortar and pestle using liquid nitrogen. The anti-

oxidant activity was determined according to Arnao et al.

Copyright © 2013 SciRes.

[18]. The phenolic compounds were quantified by the
method from Adom and Liu [19]. Total carotenoids con-
tent was quantified by the method from Rodriguez-
Amaya and Kimura [20]. Data were calculated based on
a f-carotene curve.

2.5.2. Expression of Genes Involved in
Carotenoid Biosynthesis

To evaluate the expression of genes phytoene synthase
(PSY1), carotenoid e-hydroxylase (CYP97C) and p-
carotene hydroxylase (HYD3), the entire maize grains
collected at R4 stage [14], corresponding to the peak of
expression of these genes [21], were crushed with mortar
and pestle using liquid nitrogen. Three replicates of each
sample were subjected to total RNA isolation using a
CTAB modified protocol, previously adapted [22]. RNA
quality was evaluated by electrophoresis on 1% agarose
gel stained with ethidium bromide and by spectrometry,
using A260/A280 and A260/A230 ratio and RNA con-
centration was measured in Qubit® fluorometer (Invi-
trogenTM, Sdo Paulo, Brasil). One pg of total RNA was
digested with 1 U DNAse, and used for reverse tran-
scription using M-MLV enzyme, according to manufac-
turer’s instructions (Invitrogen™, S&o Paulo, Brasil). For
RT-qPCR reactions, specific primers were designed on
Vector NTI 11 Program (Invitrogen™, Sdo Paulo, Brasil)
for the amplification of CYP97C (F: 5’-GTTGACATT-
GGATGTGATTGG-3’, R: 5’-AACCAACCTTCCAG-
TATGGC-3’), PSY1 (F: 5’>-GACAGATGAGCTTGTAG-
ATGGGC-3’, R: 5’-TCAGAGAGAGCGGCATCAAG-
CA-3’), HYD3 (F: 5’-GGGGATTACGCTGTTCGG-3’,
R: 5’-GTGGTGTATCTTGTGCGAGG-3"), ACT (F: 5’-
CATGGAG-AACTGGCATCACACCTT-3’, R: 5’-CTG-
CGTCATTTTCTCTCTGTTGGC-3’), GAPDH (F: 5°-
ACTGTTCATGCCATCACTGC-3’, 5’-GAGGACAG-
GAAGCACTTTGC-3’) and UBI (F: 5’-GTTTAAG-
CTGCCGATGTGCCTG-3’, R: 5’-GACACGACTCAT-
GACACGAACAGC-3’). All amplicons were designed
to be less than 150 bp. ACT and UBI were used as refer-
ence genes and C treatment as reference sample. The
efficiency of these primers was previously verified in
real time PCR, which was close to 100%. The PCR con-
ditions used were as follows: final volume of 20 pl con-
taining 150 ng of cDNA, 3 - 10 pmol of each primer, 3 -
5 mM MgCl,, 10 pL Platinum Sybr UDP Mix (Invitro-
gen™, S3o Paulo, Brasil). The amplification was stan-
dardized in 7500 Fast thermal cycler (Applied Biossys-
temsTM, Carlsbad, Califérnia) using the following con-
ditions: 50°C for 20 s, 95°C for 10 s, followed by 40 cy-
cles of 15 s at 95°C and 60 s at 60°C. Melt curve condi-
tions used was: 15 s at 95°C, 60 s at 60°C, 30 s at 95°C
and 15 s at 60°C. The PCR product was subjected to
electrophoresis on 1% agarose gel for verification of
unspecific bands. The housekeeping genes actin (ACT),
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ubiquitin (UBI) and glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) were used as reference genes. The
Cq values obtained were analyzed according to 27
method and presented as fold change [23].

2.6. Statistical Analysis

The results were subjected to analysis of variance be-
tween treatments with a confidence p-level of 1% or 5%
by Tukey average test. Spearman’s test was used to cor-
relate treatments. All statistical analysis was conducted
on Systems Analysis Software and graphs were prepared
in GraphPad Prism 5.

3. RESULTS

3.1. Evaluation of the Foliar Application of
SW on Grain Yield

The yield of maize following the application of three
doses of 7 L/ha of SW (SW-2) was statistically higher
than the control and similar to the yield of maize follow-
ing the application of micronutrients (DW-M), suggest-
ing that the SW may be used as an alternative. In contrast,
the application of three doses of 2.5 L/ha of SW (SW-1)
did not increase the weight and yield values, indicating a
dose dependent effect (Figure 1(a)). The enrichment of
SW with micronutrients (SW-M) also resulted in yield
improvement compared to control. This is in agreement
with studies showing that micronutrients may play a role
in the synthesis and translocation of photoassimilates
[3,24]. The SW-M treatment showed similar yield as
SW-2 treatment; therefore, the application of SW-M
represents an alternative strategy instead of SW-2, if
yield is the parameter of interest, because the treatment
SW-M has a lower dose of SW than SW-2 treatment.

3.2. Evaluation of the Foliar Application of
SW on Starch and TSS Accumulation in
Maize Grain

The treatments with doses of SW (SW-1 and SW-2)
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showed statistically more starch accumulation than the
others at physiological maturity (Figure 1(b)), which is
in agreement with the results of yield for these treatments
(Figure 1(a)). However, only SW-2 treatment showed
high starch/TSS ratio, whereas SW-1 treatment showed
great amounts of TSS, which could have a negative ef-
fect because grains with high TSS content are more sus-
ceptible to insect attacks during storage. Furthermore, the
application of SW supplemented with micronutrients
(SW-M) did not result in starch accumulation improve-
ment, which suggests that SW contribution was higher
than micronutrient supplementation regarding starch ac-
cumulation.

3.3. Evaluation of the Foliar Application of
SW on Free Amino Acids Content in
Maize Grains

The evaluation of free amino acids in maize grains at
R4 stage showed that foliar application with the highest
dose of SW (SW-2) resulted in the improvement of
alanine, proline, valine and asparagines content, com-
pared to control (Figure 2). However, the same result
was not observed in the SW-1 treatment, which increased
only tyrosine and valine content, indicating that the ac-
cumulation of some amino acids is dependent of the dose
of SW applied. When SW was enriched with minerals
(SW-M), the content of aspartic acid, treonine, alanine
and glycine was improved, compared to DW-M treat-
ment, showing the influence of the interaction between
SW and minerals supplied.

3.4. Evaluation of the Foliar Application of
SW on Mineral Content in Maize Grains

The foliar fertilization of maize with SW-2 resulted in
increase in the accumulation of K, Cu, Fe, Mn and Zn in
grains, compared to the control (Table 2). No significant
difference in mineral accumulation was observed be-
tween the two doses of SW applied (SW-1 and SW-2).
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Figure 1. a) Yield of maize grains; b) Starch and total soluble sugars (TSS) content in maize grains at harvest. Different letters repre-
sent significant difference at 5% confidence level by Tukey test between treatments for the same dependent variable.
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Table 2. Mineral composition of maize grains treated with foliar fertilizer formulations.

Mineral N P K Ca Mg S Cu Fe Mn Zn
Treatment* g/kg mg/kg
REF? - 2.100 2.870 0.070 1.270 - 3.140 27.000 4.850 22.100
Control 10320 Cd* 3271 A 2185 B 0069 A 0912 A 1262 A 1817 D 13333 C 3350 D 11970 D
DW-M 10950 Bc 2.869 A 2472 Ab 0.044 Bc 0816 A 1248 A 2938 14.500 Bc 4.600 Bc 19.495 Bc
SW-M1 12508 A 3013 A 2864 A 0.066 A 0809 A 1303 A 3300 B 16.650 A 5230 Ab 21.462 Ab
SW-1 11.578 Ab 3.147 A 2878 A 0.070 A 0865 A 1315 A 3550 Ab 14.150 Bc 5.150 Ab 18.403 C
SW-2 11.240 Bc 3352 A 2934 A 0.055 Ab 0848 A 1304 A 3780 A 15730 Ab 5710 A 18972 C

!Control—control without foliar spray; DW-M—formulation with micronutrients in distilled water (2.5 L/ha); SW-M—formulation with the same micronutri-
ents concentration of DW-M in shale water (SW) (2.5 L/ha); SW-1 and SW-2—shale water applied at rates equivalent to 2.5 L/ha and 7 L/ha, respectively. 2All
values from USDA National Database for Standard Reference. Available in: www.ars.usda.gov/nutrientdata. *Mean of five field and two analytical replicates

and statistical significance at 5% level of confidence by Tukey test for the same dependent variable.

The enrichment of foliar treatments with the micronutri-
ents Zn, Cu, Mn, Mo and B (DW-M and SW-M) signifi-
cantly increased the levels of Zn, Cu and Mn on maize
grains, compared to control, and the application of SW-
M treatment resulted in the accumulation of Zn in higher
concentration than SW delivered alone (SW-1 and SW-2).
SW-M treatment also increased N, Ca, Cu and Fe content
compared to DW-M, which was probably an effect of the
presence of SW in the formulation.

3.5. Evaluation of the Foliar Application of
SW on the Content of Secondary
Metabolites in Maize Grains

The liposoluble fraction of antioxidant activity and the
bound phenolic compounds content was higher than
hidrosoluble fraction of antioxidant activity and the free
phenolic compounds content in all treatments (Figures
3(a) and (b)). The liposoluble fraction of antioxidant
activity corresponded to about 80% of the total antioxi-
dant activity and showed 0.51 (p < 0.01 by Spearman’s
test) of correlation with total carotenoids (Figure 4(a)),
indicating an important role of these compounds on an-
tioxidant activity of maize grains.

The foliar application of SW increased the levels of
total phenolic compounds in maize grains, compared to
the other treatments (Figure 3(b)), due to the increase in
bound phenolic content. This result was observed when
both doses of SW was applied (SW-1 and SW-2), indi-
cating no dose dependent effect. However, total antioxi-
dant activity was significantly higher in grains from the
SW-2 treatment, due to the higher activity of liposoluble
fraction (Figure 3(a)), probably related to the increase in
total carotenoids also observed in this treatment (Figure
4(a)).

The expression of PSY1, a key gene of carotenoid
metabolic pathway, was 1.408, 1.321 and 2.157 fold
higher than the control in the treatments SW-M, SW-1
and SW-2, respectively. CYP97C and HYD3 genes were
also upregulated in the DW-M, SW-1 and SW-2 treat-

Copyright © 2013 SciRes.

ments compared to control, and they were more ex-
pressed in SW-2 treatment than the other treatments. In
SW-2 treatment, there was also a HYD3/CYP97C ex-
pression ratio of 4.5 folds (Figure 4(b)), indicating a
greater allocation to the carotenoids from the f,e-branch
of carotenoid metabolic pathway (f-carotene, fS-cryp-
toxanthin and zeaxanthin), which represent an increase
of vitamin A precursors. The greater allocation to caro-
tenoids from the f,e-branch was also observed in the
other treatments; however the HYD3/CYP97C expres-
sion ratio values were lower than in the SW-2 treatment
(C - 3.7 fold; DW-M - 3.9 fold; SW-M - 3.2 fold; SW-1 -
3.8 fold). In summary, there was a close relationship be-
tween transcript accumulation and carotenoids content,
indicating that transcription and physiological response
occurs simultaneously. In addition, this metabolism was
significantly stimulated by the application of three doses
of 7L/ha SW.

4. DISCUSSION

Foliar spraying of fertilizers and/or biostimulants has
been considered an important strategy to biofortify crops,
because it has shown to improve absorption and/or trans-
location of minerals via xylem, it enhances vegetative
growth and yield and it may stimulate the synthesis of
nutritional and functional compounds [3,9,11]. In the
present study, the foliar application of three doses of
7L/ha shale water (SW-2), distributed throughout the
crop cycle (see material and methods section), resulted in
the increase of grain yield and the improvement in the
accumulation of mineral nutrients as well as nutritional
and functional compounds.

The minerals that were increased in grains following
the application of SW-2 (compared to the control) in-
clude K, Cu, Fe, Mn and Zn (Table 2). Some of these
minerals, such as K, Cu and Mn, play an important role
in photosynthesis [4,25], which could contribute to ex-
plain the better performance to generate energy and to
convert it into structural and storage plant compounds,
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Figure 3. (a) Antioxidant activity of liposoluble and hydrosoluble fractions of maize grains harvested at R4 stage. Data are presented
in microgram equivalent Trolox per gram of grain (ng/g). (b) Free and bound phenols of maize grains harvested at R4 stage. Data are
presented in milligrams of chlorogenic acid equivalents per 100 grams of grain (mg/100). Data shows means of five field and two
analytical replicates. Different letters represent significant difference at 5% confidence level by Tukey test for the same dependent

variable.
2
b
- (b)
&
28
<6
E 4
(a) 2
. o -50
2_4_ == PSY 1 PSY1 HYD3 CYPY7C|
== HYD3
B 224 = cyporc aa
g Total Carotenoid )
£ 2.01 F45 &
it a =
= 2 g
& =3
= (=N
.g 40 g
2 =3
= g
2 =
s L35 =
O ~
L 30

SW-2

Control

Figure 4. (a) Total carotenoids content and the relative expres-
sion of carotenogenic genes. The carotenoid content is pre-
sented as pg of f-carotene equivalents/g. The Control treatment
was used as reference treatment to obtain the relative expres-
sion of the genes encoding for phytoene synthase (psyl),
g-carotene hydroxylase (Cyp97c) and f-carotene hydroxylase
(Hyd3) in maize grains sprayed with six foliar fertilization and
harvested at R4 stage. (b) Relative expression of Cyp97c and
Hyd3 compared to psyl expression in maize grains sprayed
with foliar fertilization SW-2 (7 L/ha SW). Different letters
represent significant differences at 5% confidence level by
Tukey test.

whereas a significantly increase in yield (Figure 1(a))
with a positive correlation with starch content in grains
(Figure 1(b)) was observed in plants treated with SW-2.
Accumulation of K is also associated with the improve-
ment of nutrients absorption, because it is responsible for
the correct osmotic gradient, and plays a role in the
transport of photoassimilates in plants [4]. Moreover, Mn
has shown positive influence in grains yield [24,26], and

Copyright © 2013 SciRes.

its foliar application has also improved seed quality [27].

Despite yield remains the major aim of agronomic ef-
forts, quality of maize grains is of great importance, par-
ticularly for people whose main source of food is this
cereal. SW-2 application, besides improving yield, was
able to induce the accumulation of essential mineral nu-
trients (Table 2), several amino acids, and starch (Figure
1(b)), which is important to provide energy in diet, act-
ing in the reduction of cholesterol and stimulating the
immune system, among others [28]. Total antioxidant
activity was also significantly increased due to the ap-
plication of SW-2 treatment (Figure 3(a)) by inducing
high levels of bound phenolic compounds (Figure 3(b))
and total carotenoids contents (Figure 4(a)), both related
to the prevention of chronic diseases [7].

Studies towards the biofortification of carotenoids in
maize, especially those with provitamin A activity (« and
f-carotene and cryptoxanthin), have also been a focus of
great interest because of the nutritional effects provided
by its ingestion [21,29]. The application of SW-2 treat-
ment resulted in the improvement of total carotenoids
accumulation in maize grains, which was shown to be
directly related to the upregulation of key genes in this
metabolism (Figure 4(a)). As far as we know, this is the
first survey on the evaluation of the influence of fertili-
zation on induction of these genes, despite the fact that
they are widely known and studied in maize [21]. The
induction of transcript levels (approximately two fold
higher than control) occurred at the beginning of this
metabolic pathway, increasing PSY1 expression (coding
for the enzyme phytoene synthase) and at the end, in-
creasing the expression of genes encoding for enzymes
directly associated to the synthesis of p-carotene, f-
cryptoxanthin and zeaxanthin (HYD3), and lutein syn-
thesis (CYP97C) [21]. In all treatments there was a
greater allocation to the production of compounds from
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metabolic pathway branch associated to HYD3 expres-
sion instead of the ones associated to CYP97C expres-
sion (Figure 4(b)), probably because yellow grains, such
as those from the hybrid variety used in this study usu-
ally shows high zeaxanthin/lutein content ratio [29,30].
Therefore, there was a greater allocation to the produc-
tion of provitamin A carotenoids in all treatments, repre-
senting an efficient biofortification approach.

It is interesting to note that usually a negative correla-
tion is observed between primary metabolites and total
phenolic compounds [31,32]. In this study, SW-M treat-
ment showed increased N accumulation (Table 2) and
yield (Figure 1(a)), and did not increase the levels of
phenolic compounds (Figure 3). This effect would occur
by competition with phenylalanine, a precursor for both
phenolic compounds and protein [31]. Similarly, in the
SW-2 treatment, the yield and starch content increased
while the free phenolic compounds content and hydro-
soluble fraction of antioxidant activity decreased. How-
ever, in the SW-2 treatment, the lipophylic fraction of
antioxidant activity and the content of bound phenolic
compounds, which corresponds to the major fraction of
phenolic compounds in maize grains, also increased
(Figure 3). Therefore, the application of SW-2 treatment
was able to induce primary and secondary metabolisms
in maize, possibly because a third application of the
treatments was performed during the reproductive phase
of maize plants, providing an extra amount of nutrients.
These nutrients were then used in the production of sec-
ondary metabolites. Similar effects were obtained with
foliar fertilization combined with a growth regulator ac-
tivity compound [33] and with the application of several
elicitors/biostimulants [11]. The increase of secondary
metabolites in maize grains following the application of
SW may also be a result of a moderate non-harmful
stress in plants as was evidenced by the increase of
valine, asparagine, alanine and proline (Figure 2) in
maize grains following the application of SW-2. These
last two amino acids are related to stress tolerance.
Alanine play a role in the intracellular pH regulation in
hypoxia stress condition [34]. The accumulation of free
proline in plants is widely observed in different abiotic
stresses such as salinity and drought, acting in the sto-
mata opening regulation and osmotic processes. Studies
show the influence of this amino acids in the synthesis of
phenolic compounds [35], corroborating the data ob-
served in SW-2 treatment.

The enrichment of SW with micronutrients according
to maize crop requirement was also investigated (SW-M
treatment) in order to verify if the effect of SW could be
improved by this approach. Indeed, supplementation
with micronutrients, including mainly Zn, allowed in-
creased Zn accumulation (Table 2), representing a great
nutritional and functional improvement, since this min-
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eral is essential as transcript cofactor and plays a role in
the antioxidant defense [4]. However, is important to
evaluate its bioavailability in humans due to the presence
of phytate in maize grains. In plants, Zn has shown a
direct relationship with yield [9], also observed in the
treatment SW-M (Figure 1(a)). Besides Zn accumulation
and yield, the content of some free amino acids was also
improved in treatment SW-M (Figure 2). However, for
most of the other parameters, SW delivered alone in
three doses of 7 L/ha (SW-2) presented better results than
SW-M.

5. CONCLUSION

The results of this study showed that the use of foliar
application of SW-2 influenced mineral and primary me-
tabolites accumulation, which resulted in significant in-
crease in yield. This treatment also resulted in the im-
provement of secondary metabolites, such as bound
phenolics and carotenoids, probably due to the later ap-
plication during the reproductive stage. The enrichment
of SW with minerals potentiated the effect of SW deliv-
ered alone regarding the improvement of free amino ac-
ids and some minerals, especially Zn; however, the ac-
cumulation of several minerals, amino acids, starch, ca-
rotenoids and phenolic compounds were higher when
SW was delivered without nutrient supplementation. In
this context, the application of three doses of 7 L/ha SW
results in great improvement in grain yield and quality.
However, further studies are necessary to optimize SW
doses and better understand SW mechanisms of action.
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