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ABSTRACT: Biofortification of food crops is implemented through the application of mineral fertilizers, to improve the levels of essential
mineral elements for human nutrition. Magnesium is a key macronutrient in crop production and quality; however, worldwide, it is the most
limiting macronutrient in agriculture. Magnesium plays an important role in manipulating physiological and biochemical processes in plants.
Therefore, the objective of this study was to evaluate the efficacy of biofortification with magnesium chloride and sulfate on the accumulation of
bioactive compounds and antioxidant capacity in snap bean cv. Strike. Two sources of Magnesium were applied via edaphic route: Magnesium
chloride and magnesium sulfate at doses of 0, 50, 100 and 200 ppm during 2018 in Mexico. Accumulation of bioactive compounds (total
phenols, total flavonoids and total anthocyanins) and antioxidant capacity in snap bean fruits were evaluated. Results obtained indicate
that the concentration of total flavonoids, total anthocyanins and antioxidant capacity in the edible parts of snap beans were higher in the
MgSO, treatment than in the MgCl, treatments, exceeding 30, 59 and 6% respectively. This is one of the first studies on the edaphic agronomic
biofortification of Mg" and its effect on nutraceutical quality in snap bean. An interesting result is that MgSO, produced high concentrations
of anthocyanins in edible snap beans. These results can be applied as a new strategy to reduce malnutrition and improve the health of the
population in poor urban and rural communities in developing countries.
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Eficiéncia da biofortificacio com sais de magnésio no aumento de compostos bioativos
e capacidade antioxidante em feijao-vagem

RESUMO: 4 biofortificagdo de culturas alimentares é implementada através da aplicagao de fertilizantes minerais, para melhorar os niveis
de elementos minerais essenciais para a nutricdo humana. O magnésio é um macronutriente essencial na producdo e qualidade das culturas,
no entanto, em todo o mundo, é o macronutriente mais limitante da agricultura. O magnésio desempenha um papel importante na manipulacdo
de processos fisiologicos e bioquimicos nas plantas. Portanto, o objetivo deste estudo foi avaliar a eficdcia da biofortificagdo com cloreto e
sulfato de magnésio no acumulo de compostos bioativos e capacidade antioxidante em feijées verdes cv. Strike. Duas fontes de magnésio foram
aplicadas por via eddfica: cloreto de magnésio e sulfato de magnésio nas doses de 0, 50, 100 e 200 ppm durante o ano de 2018 no México.
Foram avaliados o acumulo de compostos bioativos (fendis totais, flavondides totais e antocianinas totais) e a capacidade antioxidante em
frutos de feijao-vagem. Os resultados obtidos indicam que a concentragdo de flavonoides totais, antocianinas totais e capacidade antioxidante
nas partes comestiveis do feijdo-vagem foram maiores no tratamento com MgSO, do que nos tratamentos com MgCl,, ultrapassando 30,
59 e 6% respectivamente. Este é um dos primeiros estudos sobre a biofortificacdo agrondémica eddfica do Mg+ e seu efeito na qualidade
nutracéutica do feijdo-vagem. Um resultado interessante é que o MgSO, produziu altas concentragdes de antocianinas no feijao-vagem
comestivel. Esses resultados podem ser aplicados como uma nova estratégia para reduzir a desnutrigdo e melhorar a saude da populagdo em
comunidades urbanas e rurais pobres em paises em desenvolvimento.

Palavras-chave: antocianinas, capacidade antioxidante, biofortificagdo eddfica, flavondides.

INTRODUCTION In the soil, the bean crop fixes nitrogen from the air
(RONDON et al., 2007); nevertheless, the diet of the

The common bean is the world’s most world population that consume grains and cereals or

widely cultivated and important food legume, regions where mineral imbalances of the soil live,
grown for direct human consumption (FAO, 2018). often lack magnesium (Mg+) among others (WHITE
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& BROADLEY, 2009). Mg+ is an important element
in human nutrition, being the next most abundant
intracellular cation after potassium (ALHOSAINI
& LEEHEY, 2015), and involved in more than 600
different enzymatic reactions.

Some of the main functions of magnesium
in the human body are the maintenance of ionic
gradients, cellular and tissue integrity, mitochondrial
oxidative phosphorylation and the synthesis of
nucleic acids and proteins (WACKER & PARISI,
1968; ABBOTT & RUDE, 1993). Human nutritional
deficiency in Mg+ is associated with a number of
diseases (DE BAAIJ etal., 2015). Due to medications,
reduced magnesium content in food crops, and the
availability of refined and processed foods, people are
at risk for magnesium deficiency. People will need
to supplement with magnesium to prevent element
deficiency, and have an optimal level of magnesium
to prevent chronic disease (ROSANOFF, 2013).

Mineral malnutrition can be reduced
by enriching the food and/or by increasing the
bioavailability of the mineral elements in the edible
organs of food crops. In plants, Mg+ is important
because it is the central atom in chlorophyll and
is involved in a range of physiological processes
(HORTENSTEINER & KRAUTLER, 2011).
Nonetheless, few investigations have been carried out
on Mg+ when added to the soil to achieve edaphic
biofortification of major food crops.

According to BOUIS & SALTZMAN
(2017), biofortification programs for food crops
with essential nutrients can mitigate or eliminate
problems related to micronutrient malnutrition.
However, because mineral supplementation of
food products is not always effective, food crop
biofortification is proposed through the application
of mineral fertilizers combined with the use of
improved plant varieties having greater capacity to
acquire mineral elements from mineral deficient soils
(BOUIS & WELCH, 2010).

Our research group are currently engaged in
studies focusing on biofortification as a management
strategy for enhancing nutrient accumulation in
the edible organs of various food crops. This study
evaluated the effects of magnesium sulphate (MgSO,)
and magnesium chloride (MgCl,) on total phenols,
anthocyanins, flavonoids and antioxidant capacity.

MATERIALS AND METHODS

Plant material and location of the experiment
A plot experiment was conducted in the
open field from August 30 to November 7 at an

experimental location in the Facultad de Ciencias
Agrotecnologicas at the Universidad Autonoma de
Chihuahua in Chihuahua, Mexico (28° 39" 19"'N and
106° 05" 14”"W) in 2018. Four seeds of ‘common
bean’ Phaseolus vulgaris L. ‘Strike’ were placed
3 cm deep in pots (4 L) filled with a vermiculite :
perlite mixture 2:1 (v:v). Under the prevailing
conditions (mean diurnal temperature 28 °C) the
seeds germinated after six days. A total of 160 plants
were established in 40 pots.

Magnesium biofortification

Six days after germination, the plants
received the nutrient solution proposed by STEINER
(1961) as adjusted by MARQUEZ-QUIROZ et al.
(2015) consisting of 6 mM of NH,NO,, 1.6 mM of
K ,HPO,, 0.3 mM ofK,SO,, 4.0 mM of CaCl, ©2H,0 1.4
mM of MgSO, *7H,0, 2 uM of MnSO, *H,0, 1.0 uM
of ZnSO, *7H,0, 0.25 uM of CuSO, *5H,0, 0.3 uM of
(NH,)6Mo.0,, *4H.,0, and 0.5 uM of H,BO,. The bean
plants were watered every three days with the nutrient
solution to compensate for water loss by evaporation.
The Mg treatments were applied starting 26 days after
germination and over a period of 40 days.

Two Mg treatments were established
using either’ MgCl, or MgSO,. Based on previous
reports (MARQUEZ-QUIROZ et al., 2015; SIDA-
ARREOLA et al., 2015) four levels of treatment
of 0, 50, 100 and 200 ppm, with four replicates per
treatment were established. A completely randomized
experimental design was used. The experimental unit
was a pot with four plants. Plant material was sampled
60 days after completion of the growth cycle. The
fresh snap beans were stored at -20 °C. Frozen snap
beans were ground at 4 °C for 5 min by mechanical
maceration in a mortar with pestle.

Bioactive compounds (BC)
Extraction and quantification of total phenols

The extraction of total phenols from the
snap beans was determined as recommended by
SINGLETON & ROSSI (1965) and SINGLETON et
al. (1985) with slight modifications. One gram of ground
snap bean was standardized with 80% methanol 10
mL for 5 min. Then, it was filtered through qualitative
filter paper and centrifuged at 6000 rpm for 10 min at
4 °C to obtain a methanolic phase.

To quantify the total phenols, the reaction
mixture contained 750 pL of 2% Na,CO, (J.T.
Baker, Mexico state, Mexico), 250 puL of 50% Folin-
Ciocalteau reagent (Sigma-Aldrich, St. Louis, MO,
USA), 1375 uL of deionized H,0. The mixture
was incubated in darkness for 60 min, and then the
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absorbance was registered at 725 nm. Results were
expressed in mg of gallic acid equivalents g' (mg
GAE g') of fresh weight (fw).

Total flavonoids

The colorimetric method proposed by
ZHISHEN et al. (1999) was used. Amounts of 1 g
of ground snap bean was standardized with 10 mL
of 80% methanol for 5 min. Then, it was filtered
through filter paper and centrifuged at 6000 rpm at
4 °C for 10 min. The mixture consisted in 250 pL of
the aliquot, plus 75 uL of NaNO, (J.T. Baker, Mexico
state, Mexico), mixed in a vortex stirrer and allowed
to rest for 5 min. Then, 150 pL of AICI, (J.T. Baker,
Mexico state, Mexico) were added, followed by 500
pL of NaOH (J.T. Baker, Mexico State, Mexico).
Water was added to reach a final volume of 2.025 mL.
The mixture was incubated in darkness for 45 min.
The absorbance was registered at 510 nm. Catechin
was used as the standard compound, and the total
flavonoid content was expressed as mg of catechin
equivalents (CE) g! of fw of the sample.

Total anthocyanins

Amounts of 1 g of the ground snap bean
was standardized in 10 mL of 80% methanol for 5 min.
Then, it was filtered through filter paper and the mixture
was centrifuged at 6000 rpm at 4 °C for 10 min.

After centrifugation, two phases were
obtained. From the first phase, 0.5 mL was taken
and 2 mL of potassium chloride was added. This
was vortexed and absorbance (A) was measured
by spectrophotometry (A460) using a JENWAY
Spectrophotometer, Jenway Limited®, Essex,
England. From the second phase, 0.5 mL was taken
and 2 mL of sodium acetate was added. This was
vortexed and the absorbance was registered at 710 nm.
Results were reported in mg of cyanidin-3-glucoside g
The analyses of BC were carried out in triplicate.

Antioxidant capacity

The antioxidant capacity of snap beans was
determined using the 2, 2-diphenyl-1-picrylhydrazyl
(DPPH) method according to the methodology
proposed by HSU et al. (2003). The methanolic extract
was prepared by soaking 1 g of ground snap beans
in 10 mL of 80% methanol for 5 min. Then, it was
filtered through filter paper and the resulting mixture
was centrifuged at 6000 rpm for 10 min at 4 °C. Then
0.5 mL of the supernatant was mixed with 2.5 mL of
freshly prepared 0.1 mM DPPH solution. The mixture
was kept in the dark for 60 min at low temperature
(5 °C). Absorbance was recorded at 517 nm. For the

blank solution, the extract was replaced with 0.5 mL
of methanol. The DPPH radical-scavenging activity
was calculated as:

. .. [ 4517sample)
Percentage of scavenging activity :{1— | S } x100

| A517blank

Statistical analyses

Results were analyzed by analysis of
variance and a comparison of means with LSD media
separation test in SAS program (SAS Inst. Inc.,
Cary, NC, USA). Means were deemed significantly
different at p<0.05.

RESULTS AND DISCUSSION

Bioactive compounds
Total phenols

‘Common beans’ are rich in bioactive
compounds (BC). Phenolics are among those BC
having metabolic roles in the human body (SUAREZ-
MARTINEZ et al., 2016). The average of total phenols
across the various Mg doses (0, 50, 100 and 200 ppm)
varied from 0.33 mg GAE g' (MgSO,) to 0.344 mg
GAE g' (MgCl,) with no significant difference (p<
0.05) between the two Mg salts (Figure 1A). The
100 ppm dose of MgSO, and MgCl, showed the
highest phenols concentrations and was the only dose
that exceeded the control, with which there was a
statistically significant difference (p<0.05) (Figure 2A).
This dose of MgCl, yielded 0.49 mg GAE g in snap
beans and of MgSO, yielded 0.46 mg GAE g of snap
beans, while the controls were 0.38 and 0.39 mg GAE
g!, respectively.

Low concentrations of phenols are
common in snap beans (HANAFY-AHMED et al.,
2010) plants amended with humic acid and foliar
applications of macro-elements. They reported total
soluble phenols concentrations in snap beans of 0.13
to 0.24 mg GAE g of fw and in control snap beans of
0.1t00.12 mg GAE g of fw. Their values are smaller
than the range reported in our study.

Total flavonoids

The average concentrations of total
flavonoids was 0.19 mg CE g' for MgCl, and 0.26
mg CE g' for MgSO,. These values are statistically
different (p<0.05) (Figure 2B).

The 200 ppm MgCl, or MgSO, doses
yielded the highest flavonoids concentrations, with
the differences being significantly (p<0.05) higher
than the controls and other treatments. HEIMLER et
al. (2005) also reported low flavonoids content in dried
common bean seeds from 12 samples from Italy. Their
values ranged from 0.22 - 1.4 mg CE g'! seeds dw.
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are shown as the means =+ standard errors (n = 4).

Figure 1 - Two treatments were established using MgCl, or MgSO,. Here are the means of doses of 50, 100 and 200 ppm. Plant material
samples were taken 60 days after the completion of the growth cycle. The fresh snap beans were stored at -20 °C, then they
were mechanically ground. From this material the analysis were carried out. Total phenols (mg gallic acid equivalents g') (A);
total flavonoids (mg catechin equivalents g') (B); total anthocyanins (mg of cyanidin-3-glucoside g') (C); and antioxidant
capacity (% scavenging activity) (D), produced in Mg fortified snap beans (var. Strike). TAn means total anthocyanins. Data

The consumption of flavonoids has been
reported to be inversely correlated with incidence
of some types of cancer and cardiovascular disease
(DAVID et al., 2016). Their putative mechanism
involves detoxification of enzymes and inhibition
of cell proliferation (DIAZ-BATALLA et al., 2006).
Some flavonoids are reported to enhance brain
capacity and longevity (DRAGO et al., 2006).

Total anthocyanins

We reported that MgSO, produced more
anthocyanins than MgCl, for the same dose (Figure 1C),
where MgCl, result was not significantly different from
the control (Figure 2C). The anthocyanins content for
all doses of MgSO, (average 0.29 mg of cyanidin-3-
glucoside g') was higher than for all doses of MgCl,
(average 0.11 mg of cyanidin-3-glucoside g'). With
100 ppm of MgSO, the anthocyanins content was
highest with 0.31 mg of cyanidin-3-glucoside g';
that is, 10% higher than the treatment that follows

(MgSO, with 200 ppm) and 64% better than the
treatments with MgClL,. Anthocyanins are classified
as phenolic compounds that belong to the group of
flavonoids. They are pigments that confer colour to
flowers, fruits and seeds (MARTIN et al., 2017), such
bean seed coat offering health benefits.

Anthocyanins  are  chemopreventive
agents which its consumption through vegetables
with high contents of phenolic compounds, reduced
the propensity to diseases cardiac, cerebrovascular,
lower mortality rates for cancer, diabetes, obesity and
osteoporosis (SHEN et al., 2017). The anthocyanins
in beans are located mainly in seed coats (MOJICA
et al., 2015). Derived from this study, we recommend
biofortifying beans with MgSO, dose of 100 ppm to
increase anthocyanins content in snap beans.

Antioxidant capacity
The antioxidant capacity values in this

study were similar between MgCl, and MgSO,
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treatments (Figure 1D). Among the doses significant
differences were reported. The dose of 100 ppm of
MgSO, showed the highest level of antioxidant capacity,
exceeding the treatment that follows by 25% scavenging
activity (200 ppm of MgCl,). The dose of 100 ppm of
MgSO, had 78% scavenging activity (Figure 2D).

This dose was better than the 200 ppm dose
where 55% scavenging activity was obtained. Similar
percentages were reported by SANCHEZ et al.
(2017) and HERRERA-HERNANDEZ et al. (2018)
who found values ranged from 45-80% scavenging
activity in biofortification studies in beans.

Due to the high concentration of total
flavonoids, total anthocyanins and antioxidant
capacity we found in this experiment, we recommend
the ‘common bean’ var. Strike to be biofortified with
MgSO, reducing malnutrition.

Nowadays, there is considerable interest
in consuming antioxidants, in particular in those that
prevent the harmful effects of free radicals in the
human body. There is also a preference for antioxidants
obtained from natural sources. Therefore, it is useful
to study the secondary metabolites with anti free-
radicals activity in the edible parts of the plants.

The common bean contains a large
quantity of polyphenols which are BC with

antioxidant properties that neutralize free radicals
and chelate transition metals, so counteracting the
oxidative processes (AKOND et al., 2011). According
to AKILLIOGLU & KARAKAYA (2010), the
antioxidant activity of the ‘common bean’ is increased
or maintained (SANCHO et al., 2015) after digestion.

Our study focuses on the effects of Mg
on the antioxidant capacity and on BC, because
the element in crops serves as a regulator of
cationic-anionic equilibrium in cells and in turgor
regulation in osmotically active ion regulatory cells
(MARSCHNER, 2012; GERENDAS & FUHRS,
2013). Also it is involved in protein synthesis
as well as being associated with the chlorophyll
pigments (GUO et al., 2016), acting as a cofactor of
enzymes involved in photosynthetic carbon fixation
and metabolism (MAATHUIS, 2009; HERMANS et
al., 2013) and subsequently crop yield (SHARMA et
al., 2012).

Besides, it is essential for the tertiary
conformation of nucleic acids (SREEDHARA &
COWAN, 2002), proteins (MARSCHNER, 2012),
cell membranes and cell walls, as well as in
maintaining enzyme activities such as H™-ATPase,
kinases and polymerases (HERMANS et al., 2013).
In addition, Mg is an element present as a divalent

Figure 2 - Two treatments were established using MgCl, or MgSO,, in doses of 0, 50, 100 and 200 ppm. Plant material samples
were taken 60 days after the completion of the growth cycle. The fresh snap beans were stored at -20 °C, then they were
mechanically ground. From this material the analysis were carried out. Total phenols (mg galic acid equivalents g') (A),
total flavonoids (mg catechin equivalents g') (B), total anthocyanins (mg cyanidin-3-glucoside g"') (C) and antioxidant
capacity (% scavenging activity) (D) produced in MgCl, and MgSO, fortified snap beans var. Strike. Treatments are 0, 50,
100 and 200 ppm of either MgCl, or MgSO,. Data are shown as the means + standard errors (n = 4).
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cation in the soil solution. As it binds less strongly
with soil particles than some other cations, it is more
prone to leaching. Furthermore, Mg is usually
supplied to crops such as the sulphate since it
provides readily available Mg?* (STEINER et al.,
2018). Since Mg is mobile in the phloem, it is easily
translocated to fruits, seeds and tubers (MAATHUIS
etal., 2011).

CONCLUSION

This study provided scientific novelty,
since it was demonstrated that the nutritional
quality of snap beans could be improved by
biofortification with magnesium chloride and
sulfate. Results provide important information
on the dose of the two magnesium salts applied
by edaphic route to increase bioactive compounds
and antioxidant capacity in snap beans. The key
result in this study is that magnesium sulfate raised
total anthocyanins more than magnesium chloride
in the edible parts of the plant -snap beans-. Based
on the high concentration of total flavonoids,
total anthocyanins and antioxidant capacity in
the Magnesium biofortified plants, it is feasible
to recommend the application of a biofortification
programme on ‘common beans’ with magnesium
sulfate at a dose of 100 ppm to reduce malnutrition.
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