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Elicitation with Sodium Silicate and Iron Chelate Affects the Contents
of Phenolic Compounds and Minerals in Buckwheat Sprouts
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The study concerned the effect of elicitors on the contents of free flavonoids and phenolic acids, as well as their esters and glycosides, and contents
of minerals in 7-day sprouts of common buckwheat. An aqueous solution containing a mixture of sodium silicate and Fe-EDTA (SIL-Fe) was compared
with the same concentration of sodium silicate alone (SIL) and water (control). Phenolic compounds were analysed using an HPLC-MS/MS apparatus
equipped with an ion-trap mass spectrometer, and analyses were conducted by multiple reaction monitoring of selected negative ions. The contents of
macro- and microelements in sprouts were determined by the ICP-AES method, after sample mineralization in a mixture of HNO, and H,O,. The study
showed that SIL-Fe influenced the accumulation of individual phenolics in buckwheat sprouts in different ways. Among the major flavonoids in the
buckwheat sprouts treated with SIL-Fe, the content of free forms and esters of (-)-epicatechin and glycosides of quercetin as well as the total content
of flavonoids decreased. Elicitation of buckwheat sprouts with SIL and SIL-Fe reduced the contents of calcium, potassium, copper, and zinc; however,
the SIL-Fe treatment caused a 5-fold increase in iron content and a 2-fold increase in silicon content. The ratio of total flavonoids to the iron content of
SIL-Fe-treated sprouts was 11.5, which was substantially lower than in the control, where it reached 64. The results of this study indicate that it is possible

to produce buckwheat sprouts with a high content of flavonoids and fortified with iron, which may increase the availability of this element.

INTRODUCTION

Sprouts of various plant species are recognised as an im-
portant source of protein, mineral, dietary fiber, and vitamins
in the human diet [Benincasa et al., 2019]. Germination has
been reported to increase the macro- and microelements avail-
ability and also to significantly reduce the phytic acid content
[Mbithi-Mwikya et al., 2000; Sokrab et al., 2012]. Compared
with the seeds of common buckwheat (Fagopyrum esculentum
Moench), the sprouts have a much higher content of pheno-
lics [Kim S.-L. et al., 2004; Kim S.-J. et al., 2008; Kreft, 2016;
Wijngaard & Arendt, 2006]. They are also rich in flavonoids
representing several classes, i.e. flavonols, flavones, flavan-
-3-ols, and anthocyanins [Wiczkowski et al., 2014], and in
phenolic acids [Horbowicz et al., 2015]. Buckwheat sprouts
also contain derivatives of frans-cinnamic acid and benzoic
acid [Wiczkowski et al., 2016], while rapid accumulation of
phenolic compounds is observed during their growth [Kim
et al., 2008; Koyama et al., 2013; Terpinc et al., 2016].

Elicitation is a method that effectively increases the ac-
cumulation of secondary metabolites in plants [Baenas et al.,
2014; Horbowicz et al., 2015; Park et al., 2017, 2019; Ruiz-
-Garcia & Gomez-Plaza, 2013]. Biotic elicitors have been
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shown to enhance the accumulation of flavonoids and other
phenolic compounds in buckwheat sprouts [Park ef al., 2017,
2019]. Also sodium silicate affected the antioxidant system of
ryegrass by enhancing phenolics production and antioxidant
enzyme activation [Ribera-Fonseca et al., 2018]. Silicon ap-
plication increased phenolic compound contents in cucumber
[Fawe et al., 1998] and maize [Kidd ef al., 2001]. However,
Chérif ef al. [1994] reported that silicon had no effect on phe-
nolic contents of plants in the absence of pathogen infection.
On the other hand, Rogalla & Romeheld [2002] reported
a decrease in the activity of phenylalanine ammonia-lyase
(PAL) in Si-supplemented plants, and a decrease in phenolics
content. They suggested that the decrease in phenolics con-
tent was caused by the mechanism of stress reduction through
the formation of Si complexes with phenol moiety.

Mineral nutrient availability, uptake, and transport in plants
are affected by a number of factors resulting in complex inter-
actions between the elements [Marschner, 1980]. For instance,
calcium is highly competitive with magnesium and potassium,
while an excess Ca content in soil causes a deficiency of Fe, B,
Mn, Mg, and K in plants. Silicon influences the accumulation
of mineral nutrients in various plant species, and this influence
depends on species examined as well as conditions of its growth
[Greger et al., 2018]. Si was added to the nutrient solution to
diminish the uptake of Ca by rice plants [Ma & Takahashi,
1993], and Zn content in leaves of maize [Kaya et al., 2009].
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Silicon in soil was reported to have a major impact on the
contents of calcium and microelements in grasses. A pot ex-
periment with increased levels of silicon demonstrated a sig-
nificant decline of calcium, manganese, iron, cobalt, copper,
and zinc contents in leaf blades of common reed [Brackhage
etal.,2013].

The germination of crucifer and legume seeds in the pres-
ence of Fe generated a considerable increase in the content of
this element in sprouts, but their biomass accumulation slight-
ly decreased [Przybysz et al., 2016]. The cited authors have
also shown that a higher Fe content increased the activity of
antioxidative enzymes and contents of phenolic compounds.

Phenolics, as bioactive compounds occurring in plants
and plant products, can play a beneficial role in human
health, including the prevention of oxidative stress-related
diseases and inflammatory conditions [Cory et al., 2018; Cve-
jic et al., 2018]. In turn, their cardioprotective properties are
related to their antioxidant effect. In recent years, polyphenols
have also been tested for their antiatherosclerotic properties
[Santhakumar ez al., 2018].

Although flavonoids have many important properties for
human health, they cannot be supplied in a diet in excessive
quantities. This is because they can inhibit intestinal absorp-
tion of various elements, including the nonheme type of iron
[Thankachan et al., 2008]. Iron deficiency is one of the most
extensive health disorders in the world, which may contrib-
ute to anemia development in a significant part of the global
population [Stoltzfus et al., 2004]. This deficiency still affects
about a quarter of women and children worldwide [Cappellini
et al., 2020]. A high level of polyphenols is one of the causes
of low absorption of iron by the human organism [Zijp et al.,
2000]. Nonheme iron is the major form of this element in plant
foods and supplements. According to Hurrell et al. [1999], the
excess consumption of tea or cocoa can significantly decrease
the absorption of nonheme iron. Flavonoids can also inhibit
intestinal heme iron absorption [Ma et al., 2011]. Therefore,
flavonoid-rich food and beverages should not be consumed
together with high-Fe meals. This was an important reason
for undertaking this study, the results of which may show the
way to counteract the phenomenon of low iron bioavailability.

Therefore, the main research hypothesis advanced in this
study was whether the presence of easily assimilable iron af-
fects the content of phenolic compounds. Since iron was used
in a mixture with sodium silicate, a separate set of sprouts
was treated only with silicate for comparison. The detailed
objectives of this study were to quantify free forms, esters, and
glycosides of flavonoids and phenolic acids as a response to
silicon and iron applied during germination and 7-day growth
of common buckwheat sprouts. Another aim of the investiga-
tion was to determine the contents of iron and silicon and
other macro- and microelements in these sprouts.

MATERIAL AND METHODS

Plant material

Seeds of common buckwheat (cv. Hruszowska) were
soaked at 24°C in distilled water for 4 h. Initially, seeds with-
out a seed coat were disinfected with 70% (v/v) ethanol for
I min, and then with 2% sodium hypochlorite for 2 min,

rinsed once in 0.01 N HCI and 3 times with distilled water.
The disinfected seeds were placed on a layer of sterilized and
moist cotton gauze stretched over an open 330-mL jar. In the
next six days, the seeds and sprouts were soaked in distilled
water (control) or elicitor solutions (SIL, SIL-Fe). The soak-
ing lasting 15 min was carried out twice each day, at 9 am
and 5 pm. After each treatment, the seeds were placed back
on the gauze layer. The sprouts were grown under exposure
to 100-120 pwmol/(m*s) photosynthetically active radiation
produced by high-pressure sodium lamps at 20+1°C (day,
16 h) and 16+2°C (night, 8 h). On the seventh day, the ob-
tained sprouts were collected, cut into 2-3 mm pieces, freeze-
-dried in a laboratory freeze dryer (Alpha 1-2 LDplus, Mar-
tin Christ, Osterode am Harz, Germany) for 48 h, and used
for analyses of flavonoids and phenolic acids, as well as mi-
cro- and macroelements.

Elicitor composition

The elicitors used in the study were solutions containing
sodium metasilicate (Na,SiO,; SIL), and a mixture of sodium
metasilicate and Fe-EDTA chelate (SIL-Fe, trade mark Op-
tysil, Intermag, Olkusz, Poland). Buckwheat seeds or sprouts
were immersed in 50 mL of distilled water (control), or in
50 mL of the solutions containing sodium metasilicate with
a concentration of 4 mM (SIL), or with the Optysil, i.e. a mix-
ture of Fe-EDTA and sodium metasilicate, 0.5 mM Fe and
4 mM of Na,SiO, (SIL-Fe), respectively.

Analyses of free, esters and glycosides of flavonoids and
phenolic acids

Sprout samples were analyzed with HPLC-MS/MS to
determine various forms of phenolic acids and flavonoids.
The profile and content of phenolic acids and flavonoids were
determined according to the method of Ptatosz ef al. [2020].
Briefly, a crude extract was obtained from freeze-dried sprout
samples with a mixture of methanol, water, and formic acid.
The extraction was repeated five times, and from the obtained
crude extracts free phenolic acids and flavonoids were iso-
lated with diethyl ether after adjusting extract to pH 2 with
6 M HCI. After the isolation of free forms, esters were hydro-
lyzed at room temperature with 4 M NaOH, and glycosides
in the residues were hydrolyzed with 6 M HCI. The released
by hydrolysis free forms of phenolic compounds were ex-
tracted with diethyl ether. The obtained ether extracts were
evaporated to dryness under stream of nitrogen and the resi-
due was dissolved in 80% (v/v) methanol. The HPLC system
used was equipped with a HALO CI18 column (2.7 wm par-
ticles, 0.5 x 50 mm, Eksigent, Vaughan, Canada) which was
kept at 45°C, and the eluent flow was 15 uL/min. The eluent
was a mixture of A (water/formic acid; 99.05/0.95; v/»v) and B
(acetonitrile/formic acid, 99.05/0.95, v/v). The gradient was
used as follows: 5% B for 0.1 min, 5-90% B in 1.9 min, 90% B
for 0.5 min, 90-5% B in 0.2 min, and 5% B for 0.3 min. For
the HPLC-MS/MS analysis, a QTRAP 5500 ion trap mass
spectrometer (AB SCIEX, Vaughan, Canada) was applied.
Qualitative and quantitative analyses were conducted in the
negative mode by multiple reaction monitoring of selected
ions. The following flavonoids (free, esters and glycosides)
were analyzed: (-)-epicatechin, luteolin, orientin, vitexin, api-
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genin, naringenin, kaempferol, iso-rhamnetin, and quercetin.
Derivatives (free, esters, glycosides) of the following pheno-
lic acids were analyzed as well: 4-hydroxybenzoic, caffeic,
sinapic, p-coumaric, ferulic, syringic, and chlorogenic acids.

Determination of macro- and microelements

The contents of macro- and microelements were deter-
mined by the ICP-AES method using an Optima 8300 ICP-
-AES/OES spectrometer (Perkin Elmer, Waltham, MA, USA),
after sample mineralization in a mixture of concentrated
HNO, and 20% H,0O, (3:1) in a microwave system for 2 h
[Barnes & Debrah, 1997].

Statistical analysis

Analyses of sprout tissue were performed in three rep-
licates. The analysis of variance (one-way ANOVA) and
Tukey’s post hoc test were used to check the significance of
differences. Calculations were performed using Statistica
12PL software (StatSoft, Tulsa, OK, USA).

RESULTS AND DISCUSSION

The use of iron chelate (SIL-Fe) and sodium silicate
(SIL) during the germination and growth of buckwheat
sprouts caused various changes in the content of individual
phenolic compounds (Tables 1-5). Moreover, the use of iron
chelate (SIL-Fe) resulted in about 20% lower fresh and dry
matter contents of the buckwheat sprouts compared to those
grown under control conditions (data not shown). Inhibition
of growth under the influence of iron was previously demon-
strated in the sprouts of crucifers [Przybysz et al., 2016].

The quantitatively major flavonoid in 7-day buckwheat
sprouts was (-)-epicatechin, which occurred mainly in the free
form, representing more than 90% of its total content ( ).
Regarding the content, the second group of flavonoids were
their glycosides. Among them, quercetin glycosides appeared
in the highest contents. However, (-)-epicatechin, apigenin,
luteolin, and iso-rhamnetin did not appear as glycosides. The
(-)-epicatechin content was many times higher compared to
other flavonoids ( , 2, and 3). This confirms our ear-
lier report in which 7-day sprouts of four buckwheat cultivars
contained 3900-5400 ug/g dry weight (DW) (-)-epicatechin in
cotyledons and 10001300 ug/g DW in hypocotyl [Wiczkowski
et al., 2014]. However, in other studies, in 10-day-old sprouts
of Korean buckwheat, the (-)-epicatechin content was much
lower, and reached only 455 ug/g DW [Park et al., 2017]. Lower
than presented here contents of (-)-epicatechin in buckwheat
sprouts were also noted by Park ef al. [2019]. On the other
hand, similar epicatechin contents were found in 3-month-old
leaves, stems, and roots of buckwheat [Uddin ez al,, 2013].

A high (-)-epicatechin content is beneficial because the an-
tioxidant activity of this flavonoid is higher than that of rutin,
which is the major phenolic compound of buckwheat seeds
[Watanabe, 1998]. Results from human trials indicate that
(-)-epicatechin acts as an antioxidant both directly as a scaven-
ger of free radicals and indirectly as a modulator of superoxide
dismutase and glutathione peroxidase [Simos et al.,, 2012]. It
can also modulate macronutrient metabolism in normal and
overweight subjects [Gutiérrez-Salmean et al., 2014].

TABLE 1. The contents of major flavonoids (free and released from ester
and O-glycoside forms) in buckwheat sprouts (ug/g DW) treated with
elicitors during growth.

Treatment Free forms | Esters | O-glycosides Total
(-)-Epicatechin

Control 3529+78  77.05+3.25° nd 3606812

SIL-Fe 267459 33.19+2.18 nd 2707x61°

SIL 2652450 132.5+£2.99 nd 278448
Quercetin

Control 81.23+x4.11* 96.33+523" 749.3x11.5* 926.9%20.6

SIL-Fe 93.45+3.89* 80.33%£6.45° 511.2+16.2° 685.0+26.5¢

SIL 59.65£2.56" 143.0£4.89* 590.4=8.9> 793.1=16.4°
Orientin

Control 1322+4.1*  106.6+4.9¢ nd 238.8+9.0°

SIL-Fe 133.1£3.2%  141.3+4.8° nd 274.4=7.0

SIL 171254 189.6%6.6 nd 360.8+7.82
Luteolin

Control 6.62+0.22*  9.70x0.33* 99.17+2.99> 115.5%3.5°

SIL-Fe 6.17x0.17*  528+0.25" 93.71x3.11° 105.2%3.5°

SIL 6.47x0.11*  6.35+0.33" 151.6x4.4° 164.4x4.8
Vitexin

Control 4737+2.01°  52.02%2.09° nd 99.40+5.10¢

SIL-Fe 72.25£2.89¢  42.19%+1.99° nd 114.4x4.9

SIL 62.35+3.11*  62.92+1.33¢ nd 1253312

Results are shown as mean =+ standard deviation (n=3). Means marked
with the same letter are statistically insignificant at P>0.05 (post hoc
Tukey’s test). Comparisons were made within each column, for each fla-
vonoid separately. nd — not detected; SIL-Fe — sodium metasilicate and
Fe-EDTA chelate; SIL - sodium metalsilicate; DW — dry weight.

Besides (-)-epicatechin, derivatives of quercetin, orien-
tin, vitexin, luteolin, apigenin, kaempferol, naringenin, and
iso-rhamnetin were found in seven-day buckwheat sprouts
( and 3). Similar composition of these flavonoids was
found in 4-day sprouts of buckwheat by Terpinc et al. [2016].
Their results showed that the total content of C-glycosides
of luteolin and apigenin exceeded the content of flavonols:
quercetin-3-O-rutinoside and quercetin-3-O-sophoroside. In
general, the contents of individual phenolics significantly in-
creased during sprout growth from 6 to 10 days after germi-
nation [Kim ez al., 2008]. In turn, Koyama ef al. [2013] have
shown that the highest content of flavonoids in buckwheat
sprouts was reached on day 6 of their cultivation. The results
of the analysis of flavonoids in buckwheat sprouts are influ-
enced by the fact that their content in cotyledons is many times
higher than in hypocotyl and roots [Horbowicz et al., 2015].
The mass proportions of these morphological parts change
rapidly during sprout growth. Therefore, it is likely that the
changing proportion of individual morphological parts of the
sprout may be a major factor affecting its composition.
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TABLE 2. The contents of minor flavonoids (free and released from ester
and O-glycoside forms) in buckwheat sprouts (ug/g DW) treated with
elicitors during growth.

TABLE 3. The contents of total flavonols, flavones, and all flavonoids
(free and released from ester and O-glycoside forms) in buckwheat
sprouts (ug/g DW) treated with elicitors during growth.

Treatment | Free forms Esters O-glycosides Total Treatment | Free form Esters O-glycosides Total
iso-Rhamnetin Total flavonols
Control 47.56%2.10° nd nd 47.56+2.10° Control 128.8+4.1*  97.63+3.10° 753.5+20.1* 978.0%27.3¢
SIL-Fe 109.1+4.4 nd nd 109.1+4.4 SIL-Fe 202.6+6.4*  81.74=x2.89¢ 514.7x15.3% 799.0+24.6"
SIL 24.36+1.25¢ nd nd 24.36%1.25¢ SIL 84.01£3.12¢ 143.3+4.3* 593.7+15.9° 821.0%23.3
Apigenin Total flavones
Control 4310200 10.32+0.22* 34.46+1.22* 49.09+1.64 Control 190.5+4.6>  178.7+3.9°  133.6%3.8> 502.8+12.3"
SIL-Fe 3.37x0.17*  7.70=0.16* 23.91=x0.99* 34.97+1.32" SIL-Fe 214.9+5.1%  196.5+4.5>  117.6%£2.9> 529.0+12.5"
SIL 1.70+0.08>  7.44%0.13> 39.07=1.11* 48.21+1.322 SIL 241.7x£6.00  266.4=5.8" 190.6x4.4* 698.6x16.2
Naringenin Total flavonoids
Control 2.92+0.10°  1.25+0.06*  1.58x0.11*  5.75+0.27° Control 385166  354.6+8.8° 888.7x10.6* 5094+85
SIL-Fe 3.34+0.09°  1.39£0.08*  4.79£0.25*  9.53+0.42* SIL-Fe 3095£25%  312.8+8.6>  637.1x9.1° 404443
SIL 4.84+0.09¢ 1.17+0.05* 4.59+0.18* 10.60+0.32¢ SIL 2982300 543.4+9.7¢  788.9+8.6°  4314+48°
Kaempferol Results are shown as mean = standard deviation (n=3). Means marked
with the same letter are statistically insignificant at P>0.05 (post hoc
Control nd 1.300.09*  4.19+0.11*  5.49+0.20* Tukey’s test). Comparisons were made within each column, for each
LT o Latsons Sweoos 4sieony  Imerodamarammi Slfe odum nelotc ind e EDTA
SIL nd 0.25+0.03* 3.31+0.07*0  3.55=0.11°

Results are shown as mean =+ standard deviation (n=3). Means marked
with the same letter are statistically insignificant at P>0.05 (post hoc
Tukey’s test). Comparisons were made within each column, for each fla-
vonoid separately. nd — not detected; SIL-Fe — sodium metasilicate and
Fe-EDTA chelate; SIL - sodium metalsilicate; DW — dry weight.

Elicitation with a solution containing sodium silicate and
Fe-EDTA (SIL-Fe) lowered the content of free (-)-epicatechin
in buckwheat sprouts ( ). No effect of SIL-Fe was ob-
served in other free flavonoids, except for iso-rhamnetin and
vitexin, whose contents increased ( ). SIL-Fe had vari-
ous effects on flavonoid esters. In some of them ((-)-epicate-
chin, luteolin, apigenin), it inhibited their accumulation, while
in others it had no significant effect ( and 2). SIL-Fe
only favored the accumulation of orientin esters. However,
SIL-Fe caused a significant reduction in quercetin and apigen-
in glycosides, but to a small extent in the glycosides of other
flavonoids. In general, SIL-Fe decreased the total content of
free flavonoids, as well as their esters and glycosides ( ).

Sodium silicate (SIL) caused a decrease in the contents of
free (-)-epicatechin, quercetin, iso-rhamnetin, and apigenin,
and an increase the contents of orientin, vitexin, and narin-
genin ( and ). The use of SIL increased also the con-
tent of esters of flavonoids, except for luteolin, apigenin, and
kaempferol. Moreover, SIL decreased the contents of quer-
cetin glycosides, but increased the contents of luteolin, api-
genin, and naringenin glycosides. For total flavonoids, the use
of SIL led to a reduction in their free forms and glycosides,
but increased their ester content ( ).

In contrast to our results, in most studies conducted to
date, the use of iron or silicon compounds has increased

the content of phenolic compounds [Fawe et al., 1998; Kidd
etal., 2001; Przybysz et al., 2016; Ribera-Fonseca et al., 2018].
However, Chérif et al. [1994] reported that silicon had no ef-
fect on phenolic contents of plants. In contrast, Rogalla &
Romeheld [2002] reported a decrease in phenolic content and
the activity of phenylalanine ammonia-lyase (PAL) in Si-sup-
plemented plants. These authors suggest that it was due to the
formation of silicon-phenol complexes in response to stress.
Published data on the effects of Si and Fe concern sprouts
and plants of species other than buckwheat, and at different
stages of development. Moreover, the methods of Si and Fe
application differ from the method used in our study. This
makes it difficult to explain the effects of SIL-Fe and SIL in
buckwheat sprouts.

Apart from a rich set of flavonoids, the described study
of 7-day buckwheat sprouts confirmed the presence of seven
phenolic acids (4-hydroxybenzoic, caffeic, sinapic, p-cou-
maric, ferulic, syringic, and chlorogenic) occurring as free
forms, esters, and glycosides ( and 5). The quanti-
tatively major phenolic acid in 7-day buckwheat sprouts was
4-hydroxybenzoic acid ( ). It occurred in the free form
and as esters and glycosides. The bound forms accounted
for almost 97% of its total content. In the case of other ac-
ids, they occurred mainly as esters. In our previous study,
o-, m-, and p-coumaric acids, sinapic acid, caffeic acid, and
two isomers of ferulic acid were found in 11-day buckwheat
sprouts [Wiczkowski et al., 2016]. On the other hand, Zhang
et al. [2015] detected there gallic, 3,4-dihydroxybenzoic,
2,3,4-trihydroxybenzoic, 4-hydroxybenzoic, chlorogenic, va-
nillic, caffeic, syringic, p-coumaric, ferulic, sinapic, and frans-
3-hydroxycinnamic acids. However, Park et al. [2017] have
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TABLE 4. The contents of major phenolic acids (free and released from
ester and O-glycoside forms) in buckwheat sprouts (ug/g DW) treated
with elicitors during growth.

TABLE 5. The contents of minor and total phenolic acids (free and
released from ester and O-glycoside forms) in buckwheat sprouts
(ug/g DW) treated with elicitors during growth.

Treatment | Free form Esters O-glycosides Total Treatment | Free form Esters O-glycosides Total
4-Hydroxybenzoic acid Ferulic acid

Control 1553+2.89° 628.5+8.8*  3635+28 4419=40¢ Control 2.80+0.09¢ 49.74+1.03*  1.86=0.08" 54.40+1.20°

SIL-Fe 167.1+1.99°  325.5+4.6c  3183+18" 3675£25¢ SIL-Fe 3.84+0.07* 52.13x1.25*  4.76x0.10° 60.72+1.42

SIL 211.6£2.15*  441.8x4.4>  3532+26° 4185+33° SIL 3.17+0.06* 51.69x1.22*  4.10%0.11* 58.96+1.39*
Caffeic acid Syringic acid

Control 61.30£2.66" 914.8+13.3¢ 85.60+3.20° 106219 Control nd 32.73£1.04° nd 32.73x1.04°

SIL-Fe 37.61+1.89¢  1458+23"  186.5+2.77* 168228 SIL-Fe nd 43.49+1.22¢ nd 43.49+1.222

SIL 88.72£3.21*  1654+26*  155.2+2.44>  1898+32° SIL nd 47.03x1.212 nd 47.03x1.21*

p-Coumaric acid Chlorogenic acid

Control 31.34x1.56"  354.7x42¢  7.63+0.66° 393.6+6.5¢ Control 33.86=1.15° nd nd 33.86=1.15°

SIL-Fe 26.74x1.54*  487.1x5.1*  20.79+1.25¢ 534.6+7.9 SIL-Fe 53.48+2.09 nd nd 53.48+2.09

SIL 33.62+2.100  433.4=3.9*  14.10=1.09° 481.2+7.1° SIL 20.94+0.99¢ nd nd 20.94+0.99¢
Sinapic acid Total phenolic acids

Control 0.63=0.11°  97.47+3.20° 20.71+1.45> 118.8%4.8 Control 2852+17.7°  2078+24¢ 3751442 6114+86°

SIL-Fe 1.28+0.222  73.75%2.76" 22.46=1.56* 97.50+4.6° SIL-Fe 290.1+12.3>  2440%27° 3417x350 6147x74°

SIL 1.260.24*  74.33x2.68" 31.90=2.09° 107.5+5.0° SIL 359.3+10.1¢ 2702=+31¢ 3735292 67991702

Results are shown as mean = standard deviation (n=3). Means marked
with the same letter are statistically insignificant at P>0.05 (post hoc
Tukey’s test). Comparisons were made within each column, for each
phenolic acid separately. SIL-Fe — sodium metasilicate and Fe-EDTA
chelate; SIL - sodium metasilicate; DW — dry weight.

found only gallic, chlorogenic, caffeic, and benzoic acids in
these sprouts. In the summary of so different results, it can be
seen that many factors used in the production of buckwheat
sprouts affect the composition and content of their phenolic
compounds. The main factor seems to be the light conditions
during the growth of buckwheat sprouts, but also an elici-
tor and the cultivar used [Horbowicz et al.,, 2015; Kim et al.,
2008; Koyama et al., 2013; Park et al, 2017, 2019; Uddin
et al., 2013; Wiczkowski et al., 2014; Zhang et al., 2015].

The application of the SIL-Fe mixture decreased the
contents of free p-coumaric and caffeic acids, and increased
the contents of ferulic, chlorogenic, and sinapic acids
( and 5). At the same time, the content of the esters
of caffeic, p-coumaric, and syringic acids increased, while that
of the esters of 4-hydroxybenzoic and sinapic acids decreased
tangibly. Both elicitors have led to a considerable increase in
the caffeic acid ester content. SIL-Fe also increased the con-
tent of glycosides of caffeic, p-coumaric and ferulic acids,
but decreased the level of 4-hydroxybenzoic acid. In general,
SIL-Fe did not affect the total content of free phenolic acids,
but increased the level of their esters, and decreased the con-
tent of glycosides ( ). Elicitation with SIL increased the
accumulation of free forms of phenolic acids and their total
content ( ) as well as the contents of esters and glyco-
sides of most phenolic acids and their total content.

Results are shown as mean = standard deviation (n=3). Means marked
with the same letter are statistically insignificant at P>0.05 (post hoc
Tukey’s test). Comparisons were made within each column, for each phe-
nolic acid and total phenolic acids separately. nd — not detected; SIL-Fe
- sodium metasilicate and Fe-EDTA chelate; SIL — sodium metalsilicate;
DW - dry weight.

Based on the weight of freeze-dried sprouts, it was calcu-
lated that 48% of the Fe was absorbed during the soaking of
buckwheat sprouts in SIL-Fe, while only 8.1 and 8.6% of the
Si during the soaking in SIL-Fe and SIL, respectively (data
not shown). Elicitation with the mixture of SIL-Fe decreased
the contents of calcium, potassium, sodium, copper, and zinc
in buckwheat sprouts ( ). Similarly, in a pot experiment
with increased levels of silicon in soil, a significant decline was
found for calcium, copper, and zinc contents in leaf blades
of common reed [Brackhage ef al., 2013]. Si present in the
nutrient solution diminished the uptake of Ca by rice, and Zn
content in maize [Kaya ef al., 2009; Ma & Takahashi, 1993].
However, a complex study by Greger et al. [2018] showed that
Siincreased the uptake of Mg, Ca, Fe, and Mn; and decreased
the uptake of Cu, Zn, and K from the solution. Furthermore,
the transport of Mg, Ca, Mn, and Mo to shoot increased, but
that of Fe, Cu, and Zn decreased, while that of K, P, and B
was not affected. These authors pointed out that Si influence
depended on species examined, as well as conditions of its
growth [Greger et al., 2018]. The specificity of the experiment
described here differs from other such studies on the influ-
ence of Si and Fe on plants. The seeds and then buckwheat
sprouts were soaked in SIL-Fe and SIL solutions for 15 min
in the morning and in the evening. This treatment might have
caused some losses of minerals and phytochemicals from
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TABLE 6. The contents of chosen macro- and microelements in buck-
wheat sprouts (ug/g DW) treated with elicitors during growth.

Control SIL-Fe SIL
Calcium 133828t 920.6+12.5>  942.0=12.1°
g Magnesium 5068 +54° 4919+450 5506292
ég) Potassium 10304 +123¢ 9407+98° 913566
§ Phosphorus 14522+125*  13883+134*  13575+129°
Sodium 1427+27° 760.5+18.9¢ 2865+39¢
Copper 41.55+1.26*  21.72+0.99®  22.85+1.05"
:;) Silicon 152.6+8.8° 464.2+13.3¢ 481.2+12.92
3 Iron 81.12+1.89  353.0+88 7608177
§ Zinc 120.5+4.1* 98.39+1.66>  95.55+1.25°
Manganese 53.74x1.51°  60.87=1.24"  66.40x1.44

Results are shown as mean + standard deviation (n=3). Means marked
with the same letter are statistically insignificant at P>0.05 (post hoc
Tukey’s test). Comparisons were made within each row, for each macro-
and microelement separately. SIL-Fe — sodium metasilicate and Fe-EDTA
chelate; SIL — sodium metasilicate; DW — dry weight.

soaked tissues. Therefore, discussion with data presented by
other researchers is difficult.

The use of SIL-Fe has doubled the silicon content and
more than five times the iron content of buckwheat sprouts.
As a result of this procedure, the ratio of total flavonoids to
iron content decreased from 64 in control sprouts to 11 in the
SIL-Fe treated ones. In comparison, the use of silicate alone
(SIL) also reduced the calcium, potassium, copper, and zinc
contents, but increased magnesium and sodium contents,
and almost doubled the silicon content. According to previ-
ous studies, a high level of flavonoids can inhibit intestinal
absorption of the nonheme type of iron [Kim ef al, 2008;
Thankachan ef al., 2008; Zijp et al., 2000]. Therefore, it seems
that a significant change in the flavonoid-iron ratio is benefi-
cial for the bioavailability of plant-derived Fe.

CONCLUSION

The results of the study indicate that it is possible to pro-
duce buckwheat sprouts with a high content of flavonoids and
fortified with iron. The research carried out showed also that
the mixture of sodium silicate (SIL) and iron chelate (SIL-Fe)
influenced the accumulation of individual phenolics in buck-
wheat sprouts in different ways. Among the major flavonoids
of the SIL-Fe-treated buckwheat sprouts, the contents of free
forms and esters of (-)-epicatechin and glycosides of querce-
tin significantly decreased. The reduction of the major flavo-
noids caused the total content of flavonoids to decrease as
well. As a result, the ratio of total flavonoids to iron content
decreased from 64 in control sprouts to 11 in the SIL-Fe
treated ones. To the best of our knowledge, this is the first
work which describes the influence of iron chelate and sodium
metasilicate on the content of phenolic compounds and min-
erals in sprouts of common buckwheat.
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