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Distribution of polyphenolic and sugar compounds
in different buckwheat plant partsy
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and Zivoslav Tegic¢ !

The aim of this study was to provide information on the phenolic and sugar profiles of different parts of the
buckwheat plant, which can define that buckwheat is a functional food, with a high nutritional value and very
useful for human health. Therefore, the extracts of buckwheat leaf, stem, and flower, as well as buckwheat
grain were analysed for the content of polyphenol and antioxidant tests. The identification of a notable
number of phenolic compounds and quantification of sugars in different parts of buckwheat indicates
that buckwheat is a highly valuable plant. A total of 60 phenolic compounds were identified (18 cinnamic
acid derivatives, 14 flavonols, 13 flavan-3-ols (including proanthocyanidins), 10 hydroxybenzoic acid
derivatives, and 5 flavones) using ultra-high-performance liquid chromatography (UHPLC), coupled with
a hybrid mass spectrometer which combines the Linear Trap Quadrupole (LTQ) and OrbiTrap mass
analyzer. The highest number of phenolic compounds was found in the analysed buckwheat flower
sample, and then in the leaf, followed by the grain and the stem. In addition, the sugar profile of
buckwheat leaf, stem, flower and grain, as well as the buckwheat pollen and the nectar was analysed.
Hence, 16 sugars and 5 sugar alcohols were detected by the high-performance anion exchange
chromatography (HPAEC) with a pulsed amperometric detector (PAD). Sucrose was found in a significant
amount with the highest content in buckwheat leaf. Trisaccharides had similar accumulation in the
sample extracts, while disaccharides dominated in buckwheat leaf, followed by nectar and pollen. The
sugar alcohols showed the highest content in buckwheat grain, where erythritol was predominant. The
obtained results show that buckwheat is very rich in phenolic compounds and sugars. In addition to
grain, the other parts of the buckwheat plant can be used as a very good source of different classes of
phenolic compounds. This study provides useful information on the distribution of phytochemicals in
different parts of the buckwheat plant, which contribute to the maintaining of the status of buckwheat as
a functional food.

Introduction

Buckwheat (Fagopyrum esculentum Moench) belongs to the
pseudo-cereals and as such it is recognized as a food with high
nutritional and nutraceutical value." It does not contain gluten,
which is one of its health-supporting properties that further
contribute to its use in a diet.”> Due to its use, similar food
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of compositions of polysaccharides.® Buckwheat has a high
content of vitamins thiamin and riboflavin, well-balanced
proteins, phenolic compounds, soluble carbohydrates and die-
tary fibre.?
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the stress conditions, which allows them to use food reserves
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synthesis and their ratio through the plant is dependent on the
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stress conditions and the cultivar which was analysed by many
authors.>” The influence of stress was also noted for buckwheat
sugar content,'® as well as for rutin content.™

Carbohydrates are the primary products of photosynthesis,
and they provide nutritional properties to the buckwheat. By the
analysis of the buckwheat grain, it was found that the most
representative sugars were glucose, fructose, arabinose and
xylose, as well as sucrose and maltose.' As primary metabolites,
the plant polysaccharides are characteristic precursors for the
polyphenol synthesis*? and they differ from bioactive secondary
metabolites due to their hydrophilicity and biocompatibility,**
while their biological activities significantly overlap.?

Buckwheat represents the highest source of polyphenols
among other pseudo-cereals, as was stated by Martinez-
Villaluenga et al.,' and when compared to cereals such as oat
and barley, buckwheat possesses higher antioxidant activity.'***
The phenolic compounds, such as monomeric flavanol 3-ols
and B type procyanidins, are important for buckwheat, as some
of them were not reported, or they were found in a lower
amount in cereals,'®'” which are more used in the diet. On the
contrary, it was reported that there are lower values of dehy-
drodiferulic acid and dehydrotriferulic acid in buckwheat than
in cereals.® According to Zielinska et al'® the nutraceutical
properties of buckwheat have been mainly attributed to the
presence of several flavonoids. The prominent compound in
different parts of buckwheat was found to be rutin,'®" the levels
of which reduce during seed ripening.*® The significant obser-
vation was that buckwheat is the only pseudo-cereal that
possesses rutin flavonoid.*

The most common uses of buckwheat in the diet are, for
example, buckwheat stem as a salad, leaves and flowers as a tea,
grain as a porridge etc., whereas all its parts could be used.
Furthermore, buckwheat products such as flour and honey are
widely used. The use of buckwheat grains for the filling of
pillows is also known. As a functional food, buckwheat is
recognized as a valuable plant for research. There are published
papers based on analysing buckwheat as a whole plant,'®** its
Seed’10,11,22—24 root,19'25 stem’ls,m,zz,zs
flower,'®#*?>252% orain’*® and hull,"*** as well as its products
such as flour,"**® bran,* honey**** and tea.” Most published
studies are based on the examination of phenolic
Compounds’11,14,16,18,19,22—27,29—32 anthXidant activityyl4,13,23,27—31 as
well as some other parameters such as primary metabolites and
genus as a response to salt stress,' a-tocopherol® and squalene
content,” content of fagopyrin,*® dietary fibres,” changes
during the fermentation,”® and sugar content.*

Buckwheat grain has a tetrahedral form, which sets it apart
from the grains of other crops. The most common buckwheat
products for the diet are flour and porridge, obtained from the
hulled grains or groats. The low glycemic index of buckwheat
groats®* and high content of total phenolic in the groats*
contribute to its nutritional and health-supporting properties. A
successive blooming of buckwheat in a period of 2-3 months
produce a vast number of flowers grouped in inflorescences.
Therefore, there is an abundance of nectar and pollen that
attract a large number of insects." It was showed that the
buckwheat pollen contained the highest fructose content, as

11,18,19,22,26-28
leaf,
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well as the fructose/glucose ratio relative to other pollen
samples.** Buckwheat flowers showed a higher content of rutin
in comparison with buckwheat leaf.*>

Buckwheat plant (Fagopyrum esculentum Moench) variety
‘Novosadska’ showed the highest content of polyphenols and
antioxidant capacity with respect to twelve other buckwheat
varieties.”® Also, a significant yield of production of buckwheat
variety ‘Novosadska’ in Serbia was reported.” Furthermore,
a notable number of the identified polyphenols in ‘Novosadska’
buckwheat nectar showed a good correlation with a phenolic
profile of buckwheat honey, as well as with buckwheat pollen.**

In order to expand the investigation related to ‘Novosadska’
buckwheat, the different parts of this plant were analysed.
Therefore, the phenolic profile and the antioxidant capacity of
‘Novosadska’ buckwheat leaf, stem, flower and grain were
analysed, and compared with those in the corresponding
buckwheat pollen, nectar and honey, previously published.** In
addition, the sugar profile in the buckwheat extracts of leaf,
stem, flower, grain, as well as in the pollen and nectar, was
analysed. Furthermore, the idea was to study the transport of
the sugars and polyphenols from the beginning of photosyn-
thesis to the other parts of buckwheat which could be used for
human nutrition. Additionally, by analysing buckwheat nectar
and pollen, which bees use as food, the idea was to compare the
phytochemical content of pollen and nectar with buckwheat
plant as well as buckwheat honey previously published. By this
comparison, it could be possible to characterize the botanical
origin of buckwheat honey, which is known to have great pollen
variability. Moreover, the focus of this study was to increase the
attention to different parts of buckwheat as a good source of
bioactive compounds, with the aim to highlight the buckwheat
as a functional food.

Experimental
Samples

All samples were taken from the buckwheat plant (Fagopyrum
esculentum Moench) species ‘Novosadska’ cultivated in a small
locality in Western Serbia, in a village Radijevi¢i (43°23'31" N,
19°52/20” E) (Fig. 1). Samples were harvested at the flowering
season of buckwheat during the full nectar secretion, in July
2017. Buckwheat plant organs such as leaf, stem, flower, and

LEAF
STEM

FLOWER
pollen

nectar

GRAIN

Fig. 1 Buckwheat samples (leaf, stem, flower, grain, pollen, nectar)
collected in Serbia, Nova Varos, Radijevici (43°23'31" N; 19°52/'20" E).
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grain (Fig. 1), were separated. At the same time, buckwheat
nectar and pollen samples were directly collected from buck-
wheat flowers, by the procedure reported by NeSovi¢ et al.** In
order to avoid the contamination of flower sample, the flowers
from which pollen and nectar were taken were not used in
further analysis.

Reagents, standards and materials

The chemicals for extraction were of the analytical grade. The
reagents for the determination of total phenolic content and the
relative scavenging activity (Folin—Ciocalteu's reagent, gallic
acid, 2,2-diphenyl-1-picrylhydrazyl (DPPH), Trolox standard),
the reagents for the mobile phases for sugar analysis (sodium
hydroxide, sodium acetate), and chemicals for phenolic analysis
(hydrochloric acid, acetonitrile, formic acid) were purchased
from Sigma Aldrich (Steinheim, Germany). Phenolic standards
(gallic acid, protocatechuic acid, 3-O-caffeoylquinic acid, 5-O-
caffeoylquinic acid, p-hydroxybenzoic acid, caffeic acid, p-cou-
maric acid, ferulic acid, catechin, epicatechin, luteolin 6-C-
glucoside, myricetin, luteolin 8-C-glucoside, quercetin 3-0-(6"-
rhamnosyl)-glucoside, apigenin 8-C-glucoside, quercetin 3-O-
glucoside, (epi)catechin gallate, quercetin 3-O-rhamnoside,
luteolin  7-O-glucoside, luteolin, quercetin, kaempferol,
kaempferide) were also purchased from Sigma Aldrich (Stein-
heim, Germany).

The sugar standards for glucose, fructose, xylose, arabinose,
sucrose, maltose, trehalose, and maltotriose were supplied from
Tokyo Chemical Industry, Europe (Zwijndrecht, Belgium), iso-
maltose, melibiose, gentiobiose, raffinose, panose were
purchased from Tokyo Chemical Industry, TCI (Tokyo, Japan),
while the rest of the sugar standards (turanose and sugar
alcohols) were obtained from Sigma-Aldrich (Steinheim,
Germany).

Ultrapure water 18 MQ cm (0.055 uS cm ™ ') was produced by
TKA MicroPure water purification system (Thermo Fisher TKA).
The filter paper (Whatman no 1) was supplied by Merck
(Darmstadt, Germany) and the syringe filters (13 mm, PTFE
membrane 0.45 pm) were supplied by Supelco (Bellefonte, PA).
For the solid-phase extraction (SPE) SPE cartridges were used
(Strata C18-E, 500 mg 3 mL™ '), obtained from Phenomenex
(Torrance, CA).

Preparation of the sample extracts

Buckwheat samples (leaf, stem, flower, grain) were separately
dried, then crushed, and well ground. The dehydration was
performed in the dark place at the room temperature for 15
days. The samples were put in plastic vials and stored in the
darkness until they were analysed. The sample extracts were
prepare in triplicate and the results were presented as g kg™ ' of
dry weight (dw).

The extraction of different parts of buckwheat (leaf, stem,
flower and grain) for both chromatography (UHLC OrbiTrap
MS) and spectrophotometric analyses was performed by
a modified method reported by Dziedzic et al.>* The amount of
each dried leaf, stem, flower and grain sample (~0.1 g) was
extracted by 10 mL of aqueous methanol solution MeOH/H,O
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(70/30) acidified with 0.1% HCI. After one hour of homoge-
nizing in an ultrasonic bath, the samples were centrifuged
(15 min; 14 152 g) and filtered. After the residue was removed,
the extract solutions of samples were diluted to the concentra-
tion of ~0.1 g L™" and used for subsequent analyses.

The solid-phase extraction of buckwheat pollen and nectar
sample were prepared by the method described by Gasic¢ et al.*®
the polyphenols from buckwheat pollen and nectar samples
were extracted using aqueous solutions, acidified with 0.1% HCI
to pH 2. After conditioning the SPE cartridges with 3 mL of
acetonitrile and 9 mL of ultrapure water, the sample extract
solutions were passed through the cartridges. The first eluate
was washed with ultrapure water and collected for the sugar
analysis. The cartridges with absorbed phenolic compounds
were dried by the nitrogen gas, after which the polyphenols were
eluated with acetonitrile. The extraction of sugars from the rest
parts of buckwheat (leaf, stem, flower and grain) was performed
by dissolving the samples (~0.1 g) in 10 mL of ultrapure water,
after which they were diluted for 50 times.®

Determination of sugar profile

The determination of sugar content, as well as the preparation
of sugar standard solutions, was performed under conditions
which were described by Fotiric-Aksi¢ et al.®* High-performance
anion-exchange chromatograph with pulsed amperometric
detection (HPAEC/PAD) (Dionex ICS 3000, Sunnyvale, CA, USA)
was used, which consisted of the quaternary gradient pump,
analytical CarboPac PA 100 column (4 x 250 mm), and 3 mobile
phases (600 mM sodium hydroxide, 500 mM sodium acetate
and ultrapure water). The validation parameters for sugar
quantification (Table S171), as well as the chromatogram of
quantified sugar compounds (Fig. S1t) is presented in ESL.Y

Statistical analysis

Tukey's test was used to evaluate the differences (p = 0.05)
between the mean values of sugars (NCSS software package).
PLS_Tool Box software package for MATLAB (Version 7.12.0)
was used to perform Principal Component Analysis (PCA). Prior
to PCA, the data were group-scaled, a singular value decompo-
sition algorithm (SVD) and a 0.95 confidence level for Q and
Hotelling T2 limits for outliers were set.

Determination of antioxidant tests

Determination of total phenolic content (TPC) was based on the
spectrophotometric method with Folin Ciocaleu's reagent,
according to the procedure described by Dziadek et al.,”” with
minor modifications. The sample extract solutions (0.1 mL)
were mixed with 0.5 mL of ultrapure water and 2.5 mL of Folin
Ciocaleu's reagent. After shaking the mixture and leaving it for 5
minutes, it was added 2 mL of sodium carbonate.

The determination of radical scavenging activity (RSA) was
based on the spectrophotometric method with DPPH reagent,
according to the procedure described by Inglett et al.*® Briefly,
0.1 mL of sample extract solution was mixed with 4 mL of DPPH
methanol solution.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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For the measurement of the absorbance for both TPC and
RSA it was used UV/Vis spectrophotometer (GBC UV/Visible
Cintra 6, Australia) at the wavelength of 765 nm and 517 nm,
sequently.

Determination of phenolic profile

The solutions of phenolic available standards were prepared in
methanol in the concentration range of 0.025 to 1.000 mg L™,
as was described by Gasi¢ et al.*®

The phenolic compounds were identified using liquid
chromatography system. Ultra high-performance liquid chro-
matograph was connected to the linear ion trap and with mass
spectrometer (UHPLC-LTQ OrbiTrap MS; Thermo Fisher
Scientific, Bremen, Germany). The following conditions were
previously described by Gasic et al.*

Syncronis C18 column (100 x 2.1 mm, 1.7 pm particle size)
from Thermo Fisher Scientific was used for peak separation.
Flow rate was set at 0.300 mL min~* and the mobile phase was
consisted of (A) water + 0.1% formic acid and (B) acetonitrile +
0.1% formic acid. The injection volumes were 5 uL and linear
gradient programs were as follows: 0.0-1.0 min 5% (B), 1.0-
16.0 min from 5% to 95% (B), 16.0-16.1 min from 95% to 5%
(B), and 5% (B) for 4 min.

The MS data were acquired in negative ionization mode in
the full-range acquisition covering 100-1000 m/z. Resolution
was set to 30 000 for full scan analysis. The data-dependent MS2
events were always performed on the most intense ions detected
in the full scan MS.

This system provides MS” the fragmentation of deprotonated
molecules, which was compared with those of the available
standards and the published data. Verifying the presence of
phenolic compounds was based on their fragmentation path-
ways, the retention time and the comparison between accurate
mass and the calculated mass.

Results and discussion
Sugar profile

Table 1 presents the obtained data for the quantified sugars in
the analysed buckwheat sample extracts. Additionally, each
mean value was followed by different letter, which represents
result of Tukey's test (Table 1).

In the analysed buckwheat leaf, stem, flower, grain a high
content of sugars (706.13-811.21 g kg~ " dw) was found, while
pollen and nectar taken from the buckwheat flowers showed
about two-fold smaller values (378.97 and 449.15 g kg™" dw,
respectively). It was detected 21 sugars: five monosaccharides,
seven disaccharides, four trisaccharides, and five sugar alcohols
(Table 1). Monosaccharides were classified as dominant in the
analysed buckwheat sample extracts, starting from stem, and
followed by grain, flower and leaf (Table 1). This was in the line
with the observations of other authors,® who reported the
accumulation of low sugars in the stem before anthesis.

Glucose and fructose were the most abundant mono-
saccharides. The ratio of glucose and fructose goes in favour of
fructose in all analysed samples. It was stated that fructose has

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a lower glycemic index, opposite to glucose, as well as higher
fructose/glucose (F/G) ratio produces a lower glycemic index.**
The low glycemic index, which has already been reported for
buckwheat groats,* attracts attention in terms of their use as
functional foods. In the view of plant parts of buckwheat (leaf,
stem, flower, grain), the stem possessed the highest fructose
concentration (424.70 g kg™ ! dw), as well as the highest F/G
ratio (1.69) (Table 1). According to the fructose content and F/
G ratio, the stem buckwheat extract was followed by the grain,
the flower and then the leaf extract (Table 1). The relative high F/
G ratio in buckwheat grain (1.49) could suggest that the process
of grain ripening was not completed. Considering that sucrose
has been reducing to glucose and fructose during the process of
ripening, the obtained F/G ratio should be closer to 1. As the
samples at the time of buckwheat flowering were collected,
which is a successive process, it could be expected that the
buckwheat grains were not fully formed. The obtained high
values of F/G ratio for the nectar (1.55) and the pollen sample
(2.86) indicate that these samples also have a low glycemic
index.** This was expected, as it was already noted that honey,
obtained by processing pollen and nectar, possess low glycemic
index, even lower than glucose.**

Sucrose was the next dominant sugar in the analysed
samples. Its stands to be the major disaccharide, with abundant
content in the buckwheat leaf sample (270.46 g kg™~ ' dw) (Table
1). As the leaf is the place where photosynthesis is mainly per-
formed, it could lead to dominant occurrences of some sugars.
Sucrose metabolism has a main contribution to polyphenols
formations.*” Also, as a transport sugar, it is mostly responsible
for translocation into the phloem.* Despite, it has not been
excluded that the other parts of buckwheat contribute to the
process of photosynthesis. Nevertheless, it was found that the
high content of soluble sugars (glucose, fructose, and sucrose)
decreased the transport of photosynthesis products from leaf to
the other buckwheat organs,® which is in the line with our ob-
tained results for sucrose. When the content of mono-
saccharides is concerned, the smallest amount in the
buckwheat leaf was found (Table 1). The reason for this could be
a higher accumulation of rutin, which has been reported to have
an effect on the decreasing of glucose content.*® Moreover, the
higher production of rutin in buckwheat leaf was already pub-
lished by many authors.'**** A high content of sucrose in the
leaf sample extract, as well as the low F/G ratio (Table 1), could
also be a consequence of some kind of plant stress.” Consid-
ering that the high content of sucrose in the buckwheat leaf
extract sample (Table 1) takes the amount of ~30% of total
sugars in this extract, it was comparable to the quantified
sucrose content in the leaf sample of cucumber plant under the
cold stress.” Furthermore, Taiz et al.* reported that an increase
in sucrose content was associated with an increase in cold
tolerance. Since the buckwheat variety ‘Novosadska’ was
successfully grown at higher altitudes,”> low temperature
conditions could be expected.

Without sucrose, the values of the sum of disaccharides
show more similarity through the buckwheat sample extracts
(Table 1). In addition to sucrose, the next dominant content of
all sugars was found to be maltose, which follows the reported

RSC Adv, 2021, 11, 25816-25829 | 25819
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Table 1 Content of sugars (g kg™t of dry weight) in buckwheat (Fagopyrum esculentum) samples: leaf, stem, flower, grain, pollen and nectar®

Buckwheat samples

Parameter Leaf Stem Flower Grain Pollen Nectar
Glucose 255.54P 251.33P 293.522 264.73° 58.86¢ 132.06°
Fructose 274.87¢ 424.70% 359.85° 394.01° 168.17° 204.09°
Xylose 0.05% 0.01¢ 0.04° 0.02¢ 0.01° 0.03¢
Arabinose 0.07% 0.01¢ 0.04° 0.019¢ 0.03¢ 0.01°
Rhamnose 0.02¢ 0.01¢ 0.03? 0.01° 0.03% 0.01f
Sucrose 270.46% 54.514 36.99° 48.139 135.07° 106.14°
Maltose 4.99° 3.24° 4.95° 2.854 13.44° 1.54°
Isomaltose 0.79° 0.01¢ 0.02¢ 0.01¢ 0.05° 0.05°
Trehalose 0.03¢ 0.02¢ 1.12° 0.03¢ 0.03¢ 3.97%
Turanose 0.01° ND# 0.01° ND? 0.02° 0.022
Melibiose 0.27% 0.01° 0.04"°¢ 0.03¢ 0.04%¢ 0.05"
Gentiobiose 0.01¢ 0.01¢ 0.03¢ 0.01¢ 0.05° 0.06%
Melezitose 0.02° 0.02¢ 0.03? 0.01¢ 0.122 0.122
Raffinose 0.05° 0.02¢ 0.02¢ 0.01¢ 0.07% 0.07%
Maltotriose 0.30% 0.05° 0.24° 0.02° 0.03%¢ 0.04%¢
Panose 0.03¢ 0.122 0.02%4 0.01¢ 0.09° 0.09°
Erythritol 2.51¢ 4.73¢ 7.15° 18.61° 0.36° 0.43¢
Glycerol 0.58%4 1.55° 0.374 2.41° 0.60° ND$
Sorbitol 0.24° 0.322 0.03° 0.064 0.07¢ 0.17°
Galactitol ND#® 0.39° ND# 0.01¢ 1.83° 0.01°
Mannitol 0.37° 1.18° 1.63 0.01° ND® 0.19¢
Fructose/glucose (F/G) ratio 1.08¢ 1.69° 1.23¢ 1.49° 2.86% 1.55™¢
Sum of monosaccharides 530.55° 675.97% 653.48% 658.78% 227.10¢ 336.19¢
Sum of disaccharides 276.56% 57.814 43.15° 51.064 148.70° 111.84¢
Sum of trisaccharides 0.40% 0.20¢ 0.31° 0.05¢ 0.31° 0.32°
Sum of sugar alcohols 3.70¢ 8.16° 9.19° 21.11° 2.86° 0.80°
Total sugars 811.21° 742.14° 706.13¢ 731.00° 378.97¢ 449.15¢

“ ND - not detected. Different letters in the same row denote a significant difference among varieties according to Tukey's test, p < 0.05.

results for pseudo-cereals." Observing the content of other
disaccharides, the leaf possessed higher content of maltose,
isomaltose, melibiose, while trehalose and gentiobiose had
higher contents of the buckwheat flower extract sample (Table
1).

The sum of disaccharides was dominant in the buckwheat
leaf extract, followed by the pollen and the nectar. In the
buckwheat pollen extract sample the highest amount of maltose
(13.44 g kg~ ' dw) was found (Table 1). It was also emphasized
that maltose, arabinosis, galactitol, and melibiose could be
influenced by plants stress.®

After the disaccharides, the sugar alcohols possessed the
next dominant portion of carbohydrates. The sums of sugar
alcohols were in the range from 0.2% (for buckwheat nectar
extract) to 2.9% (for buckwheat grain extract) of the sum of total
sugars in analysed samples. The concentration of erythritol, as
the next dominant compound in sample extracts, may be
arranged as follows: analysed the buckwheat grain, flower,
stem, leaf, nectar and pollen (Table 1). Erythritol has less
sweetness than sucrose and does not affect the blood sugar
levels. Furthermore, it is a valuable sugar for functional bever-
ages.™ In addition to erythritol, glycerol also contributes to the
noticeably higher content of the sum of sugar alcohols in the
grain than in the other analysed samples. Sorbitol is a photo-
synthate, as well as a translocated sugar alcohol. The obtained

25820 | RSC Adv, 2021, 1, 25816-25829

results of the higher accumulation of sorbitol in leaf than in
grain, agree with the other reported results.’

Contrary to the highest content of the sum of sugar alcohols
in the buckwheat grain sample extract, a content of the sum of
trisaccharides was more than three times lower than in the
other analysed samples (Table 1). The quantified trisaccharides
had the poorest contribution to the content of all sugars (Table
1). Their amount in the buckwheat leaf extract was higher than
in stem, flower and grain extract sample. Trisaccharide raffi-
nose was reported as the phloem transport oligosaccharide in
many plant families.*” Its accumulation in the sample extract
was in range of 0.01-0.07 g kg~ dw. Similar to the already
published influence of plant stress on many sugars,>*° the
content of raffinose could be affected by abiotic stress.”

The flowering process, which was the period of sampling, as
well as some other processes in the plant physiology, represents
a stress for the plant. The process of preparing the plant for the
fertilization or nectar secretion, as well as for the production of
grain, require the additional energy and has caused many
reaction processes. Observing the obtained sugar content for
the buckwheat flower sample extract, as with the effects that
stress causes on the plant, a certain correlation can be created.
In addition to stress influence on raffinose,” the salt stress™
could cause higher fructose and glucose content, while the low
K levels® could make the lowest content of sorbitol (Table 1).
Contrary to the flower, the stem extract possessed the highest

© 2021 The Author(s). Published by the Royal Society of Chemistry
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concentration of sorbitol as well as fructose content (Table 1).
Within this, the stem should be considered as an organ with the
dominant xylem transport. Depending on the adaptation of the
plant on water potential, the synthesis of commonly accumu-
lated compatible components (which also include sucrose,
sorbitol) can be distributed differently in plant organs.*

Comparing the obtained results of total sugar content for
buckwheat nectar and pollen extract, higher values were found
in nectar. However, in the pollen extract was found higher
content of maltose and sucrose, as well as the sum of sugar
alcohols, due to the high presence of galactitol. It could be
noted that the difference based on the sugar content, between
buckwheat nectar and pollen, was less obvious than the previ-
ously reported differences in the presence of polyphenols in
them.** Among seven different types of pollen, Kalaycioglu
et al.** reported the highest fructose content and F/G ratio for
the buckwheat pollen. However, we obtained higher F/G ration
for buckwheat pollen (2.86 in opposite to theirs value of 2.54
(ref. 34)).

The sugar content in buckwheat draw attention due to their
comparison to other cereals, as was stated by Huda et al.*
Considering the results of sugar content for the analysed
buckwheat sample extracts, it could be noted that each analysed
part of buckwheat possessed a valuable amount of carbohy-
drates. However, it should be emphasized that the sugar accu-
mulation depends on plant adjusting to stress, as well as on
plant phenology,® which determines the available place for the
sugar reservoir. Furthermore, the significant quantified content
of sugars certainly affects the content of phenolic compounds,
which may be present in forms conjugated to sugars. Addi-
tionally, each analysed buckwheat sample extract showed the
potential to improve the positive properties of buckwheat as
a functional food, which was already reported for pseudo-
cereals grain.?

Statistical analysis

In order to indicate the possible variability in sugar profiles
among the examined buckwheat (Fagopyrum esculentum) extract
samples, PCA was performed. PCA included data of 16 sugars
and five sugar alcohols. The obtained four-component model
explained 91.52% of the total variance.

Score plots revealed some clustering of the investigated
samples (Fig. S2At), and the most influential variables were
identified using the loading plots (Fig. S2Bt). Leaf and flower
separated from the other samples along the PC2 axis due to
higher contents of maltotriose and xylose. Moreover, leaf
sample stood out with significantly higher amounts of some
sugars (sucrose, isomaltose, melibiose, and arabinose) when
compared to the rest of the samples. Observing the PC1 axis, it
could be noticed that nectar and pollen formed a cluster on the
opposite part of score plot from the leaf, flower, grain, and stem.
High contents of turanose, gentiobiose, melezitose, and raffi-
nose, and low contents of glucose, fructose and erythritol were
characteristics of nectar and pollen.

With PCA analysis performed on sugar profile data, it was
confirmed previously noted variance between the different parts

© 2021 The Author(s). Published by the Royal Society of Chemistry
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of buckwheat. In order to obtained more obvious differentia-
tion, it is better to combine several groups of analysed param-
eters. However, applied PCA on one group of parameters mainly
gave a good classification results of different parts of the plant,
as was already noted in the literature.*®

Antioxidant tests

The highest obtained values of TPC and RSA were found for the
buckwheat flower extract sample, following with the leaf extract.
Superiority in the number of phenolic compounds (discussed in
further section) for the buckwheat flower and the leaf extract
indicate higher values of antioxidant activity, TPC and RSA
values (Table 1).

The obtained results of TPC for the buckwheat the flower,
the leaf, the grain and the stem extract were 68.37, 52.63, 12.99
and 6.85 ¢ GAE kg~ ' dw, respectively. The obtained TPC values
were in the same order of magnitude with the published results
for the buckwheat flower,* leaf and seed,” hull and bran.*
Lower TPC values than we obtained were reported for the
buckwheat hull"* and flour,"*'”*® while higher TPC levels were
confirmed for Fagopyrum tataricum.*® 1t is interesting to
mention that the ripening process influence the content of total
flavonoids in buckwheat leaves and flowers by increasing their
levels from the early flowering to the period of full flowering and
the seed formation, while their in the stem decrease.'® This was
in accordance with our obtained results, as TPC values for the
leaf and the flower extracts were more than 7 and 9 times,
respectively, higher than in the stem extract sample. The similar
comparisons between plant parts and stem have been noted for
other species.*

The obtained results of RSA for the buckwheat flower, leaf,
stem and grain extract were 447.96, 374.58, 319.77 and
317.12 mmol TE kg~ ' dw, respectively. Our obtained following
the order for RSA values (flower > leaf > grain) was also in
accordance with the observations by other authors.'>*® It could
be noted that lower values were reported by Zielinska et al.*®
who analysed buckwheat parts in different period (early flow-
ering, as well as flowering and seed formation). Analysing their
results, a high differences between periods of sampling could
be noted. However, a long-time of buckwheat flowering, as well
as its overlapping with the grain formations should be taken
into consideration. Hence, it was difficult to identify the exact
moment of harvesting, which will be in accordance with the
observations of other authors. The same order of magnitude for
the activity that was obtained was noted for buckwheat flower,*
flour® and Fagopyrum tataricum buckwheat.*

The obtained result for Pearson's coefficient (0.95) pointed
out a good linear correlation between DPPH scavenging activity
and the spectrophotometrically determined phenolic content
for the analysed buckwheat sample extracts. This was in
accordance with the results obtained by other authors.”®
However, considering the point of view of the number of iden-
tified polyphenols (discussed in further section), the obtained
RSA values shown to be less changeable in comparison with
TPC values.
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Phenolic profile

Using UHPLC OrbiTrap MS technique, 59 phenolic compounds
(28 phenolic acids and their derivatives and 31 flavonoids and
their derivatives) were detected (Table 2). Chromatograms of
some identified phenolic compounds in buckwheat extracts are
presented on Fig. S2.1 The compounds were confirmed using
the standards and the previously published MS data.?”33340-51

The frequency of phenolic compounds in the buckwheat
sample extracts is presented as colour scale, which defined the
intensity of the obtained peak area of one compound per
sample (Fig. 2). The highest number of phenolic compounds
was found in the analysed buckwheat flower extract sample (52
phenolic compounds), and then in leaf (50 phenolic
compounds) followed by grain (45 phenolic compounds) and
stem (27 phenolic compounds) (Fig. 2).

In general, the presence of phenolic acids in analysed
buckwheat sample extracts was similar to the results reported
by other authors.?***3*° Several phenolic acids such as proto-
catechuic acid (no 6), p-hydroxybenzoic acid (no 13) and ferulic
acid (no 26), already reported as present in buckwheat,* were
also found as common for all buckwheat sample extracts in this
study (Fig. 2). The ferulic acid was also found in buckwheat
honey from Poland, previously analysed, but not in buckwheat
nectar, pollen and Serbian honey sample.** The intensity of the
ferulic acid was the most prominent in the buckwheat flower,
followed by leaf, and then stem and grain (Fig. 2). Contrary,
Dziedzic et al.*® reported a dominant amount of ferulic acid in
the buckwheat roots and that it occurs in the buckwheat stem.
Other authors® noted that the buckwheat leaf was the richest in
ferulic acid among other compounds. Furthermore, the ferulic
acid was found in buckwheat extracts using water, neither using
the methanol aqueous extraction solution,* nor using ethanol
aqueous solution.” Along with the compounds no 6, 13 and 26,
the common phenolic acids for the analysed samples (leaf,
stem, flower, grain) were also caffeic acid (compound no 15),
derivatives of protocatechuic acid (compounds no 4 and no 5),
5-O-caffeoylquinic acid (compound no 11) and its derivative
compound no 18, as well as compound no 16, and methyl-
ellagic acid isomer 2 (compound no 28) (Fig. 2). In addition to
the analysed plant samples, compound no 18 (methyl 5-O-caf-
feoylquinate isomer 1) was also found in buckwheat plant and
pollen extract (Fig. 2), but not in nectar or honey.** As we did not
found 5-O-p-Coumaroylquinic acid in the earlier analysed
buckwheat nectar or pollen, but only in buckwheat honey
extract,®" its appearance, in the form of two isomers, was found
in the samples from this study. One isomer (compound no 16)
was found in all analysed parts of buckwheat, while another
isomer (compound no 17) was present only in buckwheat flower
and grain extract (Fig. 2). The compound 3-O-caffeoylquinic
acid was reported to be present in buckwheat seeds with the
highest accumulation in variety ‘Novosadska’.>* The presence of
this compound (no 7) was confirmed in our analysed buckwheat
sample extracts in the following order leaf > stem > flower
(Fig. 2). Noticeably, it was not found in buckwheat grain extract
(Fig. 2), neither in pollen and in nectar.** The gallic acid was
reported to be present in buckwheat sample extracts,'”>**>3° ag
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Fig. 2 Frequency of phenolic compounds in buckwheat extracts
(intensity refers to the obtained peak area of one compound per
sample).

we noted in this study (Fig. 2). No presence of gallic acid in the
buckwheat stem extract (Fig. 2) was also reported by Dziedzic
et al.”®

In point of view of presence of flavonoids and derivatives,
obtained results were in accordance to many other buckwheat
studies.'?***312 Al analysed extracts of green parts of the
buckwheat (leaf, stem, flower and grain) showed the presence of
quercetin (compound no 55) and its derivatives quercetin 3-O-
(6”-rhamnosyl)-glucoside (compound no 40), quercetin 3-O-
glucoside (compound no 42), quercetin 3-O-pentoside
(compound no 45), quercetin 3-O-rhamnoside (compound no
48) and quercetin 3-0-(6"-p-coumaroyl)-hexoside (compound no
53) (Fig. 2). Of eight identified quercetin derivatives, six of them
(compound no 40, 42, 45, 48, 53 and 55) were found in all parts
of buckwheat plant (Fig. 2). Quercetin 3-methyl ether
(compound no 56) was found in the buckwheat extracts of leaf,
flower, grain, while derivative dimethyl quercetin (compound
no 58) was found only in the buckwheat leaf extract (Fig. 2).
Both of these quercetin derivatives were identified in earlier
reported corresponding Quercetin and its derivatives are valu-
able phenolic compounds, with various antioxydative possibil-
ities.’»'7**?® It was noticeable that quercetin, rutin and
quercitrin (compound no 55, 40 and 48, respectively) were
common polyphenols in the analysed extract of buckwheat
samples such as leaf, stem, flower, grain, pollen, nectar, honey

RSC Adv, 2021, 11, 25816-25829 | 25825
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from Serbia and Poland (Fig. 2). Accordingly, it was published
that quercetin and rutin occur in different aerial parts of
buckwheat,* while quercitrin was found only in flowers.'® Rutin
could be mainly located in the buckwheat leaves,™ or according
to others, it takes place in the buckwheat flowers.** In this study,
rutin (compound no 40) was the most present in the buckwheat
leaf, followed by flower, stem and then grain sample (Fig. 2).
Quercetin 3-O-pentoside (compound no 45) was also confirmed
in the buckwheat parts such as leaf, stem and root by other
authors.® Quercetin 3-O-glucoside (compound no 42) was
identified only in the whole buckwheat flour, among other
analysed flour samples.*

In addition to quercetin derivatives, in the analysed sample
extracts were present common six more flavonoids, such as
methyl-B type prodelphinidin dimer (compound no 32), B type
procyanidin dimer isomer 2 (compound no 33), epicatechin
(compound no 34), myricetin (compound no 38), (epi)catechin
gallate (compound no 43) and kaempferol (compound no 57)
(Fig. 2). Myricetin (compound no 38) was found in all parts of
the buckwheat plant (Fig. 2). Many other authors also reported
its presence in buckwheat.?>** As a pollen-nectar derived flavo-
noid** it was also confirmed in buckwheat pollen,* as well as in
the buckwheat honey extract.**** Kaempferide (compound no
59) was found in the analysed buckwheat leaf extract sample
(Fig. 2), which is contrary to the results published by Li et al.>®
who did not found it in the leaves from Fagopyrum esculentum,
but only in the leaves from Fagopyrum tataricum. In addition to
kaempferide, dimethyl quercetin (compound no 58) was also
found in the analysed buckwheat leaf extract sample without
appearing in the other samples, while dimethyl-B type procya-
nidin dimer gallate was identified only in buckwheat grain
extract sample (compound no 50) (Fig. 2).

Our observation for the valuable flavan-3-ols, was similar to
the already published studies, as this group of compounds were
already confirmed to be characteristic for buckwheat.'”->*2*3°
The identified flavan-3-ols were confirmed by the comparison of
their MS fragmentation with the published data.?”**** All the
identified flavan-3-ols (13 of them) were found in the buckwheat
grain extract sample (Fig. 2). Flavan-3-ols could express many
beneficial effects for human health, as they have better anti-
oxidative effects than rutin shows. Their presence in the
analysed buckwheat sample extracts, primarily in the buck-
wheat grain, increases the significance of buckwheat. Some of
flavan-3-ols were reported to be present in different buckwheat
sample extracts such as buckwheat seed**° grain,"” bran,*
flour,'**** hull,** leaf.>” A notable observation for flavanol-3-ols
was no occurrence of compounds no 34, no 47, and no 49 in the
buckwheat leaf extract (Fig. 2). On the contrary, the buckwheat
flower and the grain extract samples have shown more simi-
larity in appearances of the compounds mentioned above and
more other flavan-3-ols (Fig. 2). Catechin (compound no 31) was
found in the analysed buckwheat extract samples, except in the
stem (Fig. 2), which is in accordance with the other authors.>>*>
Its accumulation was higher in the buckwheat flower, than in
the grain and the leaf extract sample (Fig. 2). (Epi)catechin
(compound no 34) and some procyanidins B type are significant
compounds for buckwheat, as they were not found in cereals
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such as barley or spelt."” In our study, procyanidins had
a broader appearance than other identified flavanols (Table 2),
and their number may be arranged as follows buckwheat grain >
flower > leaf. However, the intensity of these compounds (no 29,
30, 32, 33, 35, 37, and 47) was still higher in the flower and the
leaf extract sample (Fig. 2).

Flavone C-glycosides were already reported to be present in
buckwheat,>® as well as in the buckwheat leaf, flower, but not in
stem* which was also confirmed in this study (Fig. 2). Luteolin
6-C-glucoside, luteolin 8-C-glucoside and apigenin 8-C-gluco-
side (compound no 36, 39 and 41, respectively) were found in
the analysed buckwheat leaf, flower and grain extracs (Fig. 2).
Compound no 41 was reported to be present in buckwheat but
not in barley,"” as well as in bran obtained from the whole
buckwheat, in both free and bound form.*® Luteolin is a valu-
able flavonoid due to its ability to influence on a chronic disease
and the most common form of its appearance in plants is as an
aglycone or as a glycoside (mostly with glucose).** Dziedzic
et al.” reported the presence of luteolin in water extract solu-
tions of buckwheat flower and leaf. Contrary to that, we did not
identify its presence (compound no 54) in the buckwheat leaf
extract, neither in the stem, but it was present in buckwheat
flower and grain (Fig. 2) and previously published buckwheat
nectar extract sample.>* We supposed that the enhanced accu-
mulation of sucrose in the buckwheat leaf extract previously
noted (Table 1), and luteolin's propensity to maintain in
a bounded form,* could be a reason for it not to appear in the
leaf extract. Nonetheless, one more bounded form of luteolin
(luteolin 7-O-glucoside, compound no 51) was not found in our
leaf extract sample (Fig. 2). An explanation could be the possi-
bility that in further fragmentation it can produce luteolin
(Table 2). By observing the fragmentation pathway of this
compound (no 51), it could be noted that it was the only one
whose fragmentation corresponded to the MS data of luteolin.
According to these results, luteolin accumulation in the leaf
extract was probably excluded in a period of sampling. Further,
in the contrast to the published results of the appearing aca-
cetin in the buckwheat leaves,*® there was no presence of this
polyphenol in the analysed buckwheat sample extracts (Fig. 2),
but only in the buckwheat nectar earlier reported.*

When comparing the phenolic profile for the buckwheat
plant (Table 2, Fig. 2) with the previously published buckwheat
pollen, nectar and honey extract samples,> more number of
phenolic acids, as well as the flavanols was found in green parts
of buckwheat plant and less number of flavonoids. The high-
lights were on no appearance of flavanonols in the analysed
buckwheat plant extract, such as pinobanksin and its deriva-
tives, as well as flavonoids pinocembrin, chrysin, and galangin,
known as propolis-derived flavonoids.*® On the contrary, their
presence was confirmed in the analysed buckwheat nectar and
the honey extract.** The importance was on the appearance of
some of the well-known polyphenols (p-hydroxybenzoic acid,
protocatechuic acid, 5-O-caffeoylquinic acid, quercetin, rutin,
quercitrin and kaempferol) that have been found in all buck-
wheat sample extracts, starting from the buckwheat plant, its
various parts, through the buckwheat pollen and nectar and to
the buckwheat honey.*® From the obtained results of the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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identified polyphenols, a good correlation was noted through
the plant extract samples analysed in this study, as well as with
those of buckwheat pollen and nectar.**

By comparing the polyphenolic profile starting from the
primary place of photosynthesis to the other parts of the plant,
a dominant number of compounds in the leaf and the flower
extracts could be noted. Therefore, this may indicate the
important activities in these parts of the plant during the
flowering period. Primarily, the process of photosynthesis,
which could be expected to affect the synthesis of the largest
number of polyphenols. Additionally, the process of nectar
secretion causes an increase in the number of polyphenols.

Therefore, due to the highest content of sucrose in the leaf
extract sample (Table 1), whose metabolism has the main
contribution to the formation of polyphenols,** it is expected
that most polyphenolic compounds and their derivatives are
formed in the leaf. In contrast to the similar number of iden-
tified phenolic compounds in buckwheat leaf and flower extract
sample (50 and 52, respectively), more other differences
between them were noted for the appearing of some phenolic
compounds, that mostly belong to the group of cinnamic acid
derivatives. Moreover, the intensity of common phenolic acids
for the leaf and the flower extract samples goes in favour to the
leaf (such as cinnamic acids derivatives, compound no 7, 9, 10,
12, 15, 20 (Fig. 2)).

Contrary to that, the intensity of many flavonoids was found
to be higher in flower extract sample with the emphasis on the
most of flavonol 3-ols such as compound no 29, 31, 33, 34, 35,
37, 43, 46 (Fig. 2).

In addition to the nectar secretion, buckwheat blooming is
successive and has a long flowering time, which affects the
abundant presence of phenolic compounds in flowers. This was
in accordance the obtained information on the content of
phytochemicals and with the reported higher levels of flavo-
noids and the antioxidant activity of the flowering parts of
buckwheat,?* for which it was claimed to exhibit health effects.*®
Furthermore, the transport of phytochemicals from the leaf to
other plant parts can be followed by their degradation.

The buckwheat stem was shown to be the poorest in the
number of total identified phenolic compounds, due to the low
number of flavan-3-ols (four of 13 identified), and no content of
flavones (Fig. 2). Most of these compounds that were not found
in buckwheat stem were present in all other extract samples.
Moreover, these compounds may be precipitated at the bottom
of the buckwheat stem, as was previously stated* for anthocy-
anin's compounds in buckwheat. Particularly, our buckwheat
samples were not taken out of the ground, but only by cutting
the buckwheat plant. This implied that the lowest part of the
buckwheat stem was not taken, where the missing flavanols
were probably deposited. The appearance of a small number of
phenolic compounds in the extract of stem (Fig. 2), as well as
low TPC values, could be due to the formation of the alkaline
reactions through the phloem channels where phenolic
compounds form aggressive quinones.”” These observations
also prove stem's functionality in the transport of plant
secondary metabolites.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Based on a detailed analysis of the content of polyphenols in
the buckwheat sample extracts, the transport of polyphenols
from the beginning of photosynthesis to other parts of the plant
has been successfully monitored.

The occurrence of polyphenols depends on which part of the
plant was analysed. The presence and the development of
phenolic compounds influence their formation and stability, as
well as the environmental factors or treatments.'* The pres-
ence of procyanidins, among other polyphenols, lead to the
health application of different parts of buckwheat, contributing
to the initiation of many authors of buckwheat as a functional
food.?** Overall, the obtained results for ‘Novosadska’ buck-
wheat variety showed the similar polyphenols and prominent
antioxidant capacity which were also reported by Kiprovski
et al.”

Following the polyphenolic profile through different parts of
buckwheat, it can be used for further investigations of the path
and mechanism of the action of polyphenols. Currently, it is
still difficult to understand the complete transport of poly-
phenols through the buckwheat, but it could be seen that there
certainly occurs a correlation of buckwheat polyphenols with
those in nectar and pollen, and even with buckwheat honey.

Conclusions

The present study provides the insights into the content of the
primary and secondary metabolic compounds in buckwheat
plant variety ‘Novosadska’. Sugars, known to be the precursors
to the synthesis of polyphenols, have shown to have high
amount in the analysed samples, with some differences. The
sucrose content was found as noticeable in the leaf extract
sample, maltose in pollen and erythritol in the grain extract
sample. The nectar extract sample possessed the highest
content of trehalose, while the stem extract was noted for the
high content of panose and the highest content of fructose.
Within this, the occurrence and the abundance of polyphenols
in the analysed buckwheat sample extracts showed differences.
Nevertheless, antioxidant activity reveal the significance of the
each analysed part of buckwheat. It is also worth noting that
a good correlation between polyphenol profile of the buckwheat
leaf, stem, flower and grain, with those of buckwheat pollen and
nectar extract was obtained. Therefore, these results can affect
the awareness of the importance of the different parts of
buckwheat, as well as buckwheat itself. Since buckwheat is
a multi-purpose plant, this type of study contributes to wider
use and the buckwheat development as a functional food.
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