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Summary. Common buckwheat (Fagopyrum esculentum Moench) is the only crop that contains
D-chiro-inositol (DCI) in significant contents in vegetative tissues and its o-D-galactosyl
derivatives in seeds. Besides DCI, buckwheat tissues contain small contents of b-pinitol (PIN) and
myo-inositol (MIN) and their a-D-galactosyl derivatives. D-chiro-inositol is a health-promoting
cyclitol of increasing importance in the treatment of some human diseases. However, changes in
DCI content in stems, leaves and maturing buckwheat seeds during plant vegetation and under
desiccation were not known. The present study analyzed the concentration of cyclitols and their
galactosides in the stems, leaves and seeds of plants harvested on 79™, 94t and 123™ days after
sowing (DAS) and after desiccation at ambient temperature (23° £2°C). D-chiro-inositol content in
stems and leaves increased with vegetation, while the opposite trend was found in developing and
maturing seeds. In the seeds, the accumulation of mono-galactosyl DCI derivatives increased, but
at the same time, the content of mono-galactosyl PIN and MIN derivatives decreased.

Citation: Lahuta L.B., Szablinska-Piernik J., Gorecki R.J., Mitrus J., Horbowicz M., 2023.
Changes in the content of D-chiro-inositol and its a-D-galactosyl derivatives during vegetation and
desiccation of common buckwheat (Fagopyrum esculentum Moench). Agron. Sci. 78(2), 83-97.
https://doi.org/10.24326/as.2023.5002


https://orcid.org/0000-0001-5999-1871
https://orcid.org/0000-0003-0265-940X
https://orcid.org/0000-0002-6751-3340
https://orcid.org/0000-0001-8000-5167
https://orcid.org/0000-0002-1789-4034

84 L.B. LAHUTA, J. SZABLINSKA-PIERNIK, R.J. GORECKI, J. MITRUS, M. HORBOWICZ

The desiccation process drastically increased the content of di-galactosyl derivatives of DCI and
MIN in the seeds. The obtained results suggest a protective role of DCI and MIN di-galactosides
against desiccation stress in buckwheat tissues.

Key words: common buckwheat, cyclitol galactosides, b-chiro-inositol, desiccation, myo-inositol,
vegetation

INTRODUCTION

Common buckwheat (Fagopyrum esculentum Moench) is a dicotyledonous plant
that is classified as a pseudo-cereal species due to its seed chemical composition similar
to cereals, i.e. high content of starch and low proteins, and very low lipids [Podolska et
al. 2021]. Buckwheat is a species that has retained many of the features of a wild plant,
such as continuous growth and a long growing season [Kreft et al. 2020]. Buckwheat is
used for food purposes as seeds or flour and its benefits for human health have been
highlighted in several reviews [Giménez-Bastida and Zielinski 2015, Pirzadah et al.
2019, Huda et al. 2020].

Buckwheat tissues contain various flavonoids including flavonols (rutin and
quercetin) and flavones (vitexin, iso-vitexin, orientin and iso-orientin) [Wiczkowski et
al. 2014, Horbowicz et al. 2015, Dziadek et al. 2016]. Other components of buckwheat
have received less research attention. Among these, for both scientific and health-
promoting reasons, are important carbohydrates, especially a-D-galactosyl derivatives of
D-chiro-inositol (DCI), called fagopyritols [Obendorf et al. 2012b, Brenac et al. 2013].
Seeds of common buckwheat accumulate a unique set of six fagopyritols, which are
mono galactosides of the DCI (fagopyritol A1, fagopyritol B1), di-galactosides
(fagopyritol A2, fagopyritol B2), as well as tri-galactosides (fagopyritol A3 and
fagopyritol B3) [Horbowicz et al. 1998, Szczecinski et al. 1998, Steadman et al. 2001,
Obendorf et al. 2000, Horbowicz and Obendorf 2005, Ma et al. 2005, Gui et al. 2013].
Fagopyritols belong to two distinct series, A and B, which differ from each other in the
bonding position of galactose to DCI [Obendorf et al. 2012a, 2012b].

Fagopyritols are accumulated in buckwheat embryos during seed development and
maturation on the basis of DCI produced in leaves and transported to seeds [Horbowicz
et al. 1998]. However, supplying myo-inositol (MIN) to buckwheat stem explants
markedly increases the concentration of DCI in leaf tissues indicating that this cyclitol is
formed from MI [Ma et al. 2005]. On the other hand, delivery of DCI to plant explants
elevated fagopyritol concentrations in soybean, pea and buckwheat seeds [Obendorf et
al. 2004, Gomes et al. 2005, Lahuta et al. 2010]. Cereal plants also can translocate
cyclitols to the synthesis of their galactosides in seeds [Lahuta and Goszczynska 2010].
However, supplying buckwheat explants with D-pinitol (PIN) caused its accumulation in
buckwheat seeds, but not PIN galactosides [Ma et al. 2005]. This may indicate that in
addition to sucrose, sorbitol, raffinose and stachyose transport of both DCI and PIN is
possible [Noiraud et al. 2001, Ma et al. 2005, Obendorf et al. 2004, Lahuta et al. 2010,
Thomas et al. 2016]. The relatively low temperature during seed maturation resulted in
an increase in fagopyritol Al and fagopyritol B1 content in the buckwheat seeds,
compared to the higher temperatures [Horbowicz and Obendorf 2005]. Accumulation
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of fagopyritol B1 was also associated with the acquisition of desiccation tolerance during
seed development and maturation in planta [Horbowicz et al. 1998]. This wide range of
biological properties of inositols has led to extensive research resulting in the publication
of many reports and comprehensive reviews on these compounds and their derivatives
[Antonowski et al. 2019, Wisniewski et al. 2020, Siracusa et al. 2022].

Osmolytes such as amino compounds (proline) and saccharides (trehalose, fructans
and polyols) play a major role in protecting the cytoplasm during the dehydration stress
of plants [Yang et al. 2021]. Of these, the raffinose family oligosaccharides (RFO) as
well as the galactosides of cyclitols are of particular interest [Sengupta et al. 2015].
These carbohydrates provide osmotic regulation and protect macromolecules and
membranes. Moreover, they can be a carbon source for energy metabolism when
photosynthesis is limited and play an important role in regulating biosynthesis and
activating plant hormones [Eveland and Jackson 2012]. The protective effect of polyols
is more effective than mono- and disaccharides due to the ease of forming hydrogen
bonds between them and macromolecules, which protects the three-dimensional
structures of macromolecules [Shen et al. 1997, Caramelo and lusem 2009]. For
instance, D-pinitol concentrations were higher in all organs of soybean [Dumschott et al.
2019] and transgenic Arabidopsis thaliana [Ahn et al. 2018] grown under water deficit.

On the other hand, cyclitols indicate a broad range of health-promoting properties,
due to their blood glucose-lowering activity [He et al. 2021], anti-oxidative, anti-
atherogenic, anti-inflammatory, and anti-cancer properties [Owczarczyk-Saczonek et al.
2018]. They are considered to be a dietary supplement for the treatment/prevention
of gestational diabetes mellitus and type-2 diabetes, polycystic ovary syndrome [Anto-
nowski et al. 2019, Gambioli et al. 2021]. Thus, the natural sources rich in some cy-
clitols, like DCI in common buckwheat, seems to be important for human nutrition
[Giménez-Bastida and Zielinski 2015] and health [Gambioli et al. 2021] and a rational
goal for breeding programs [Suzuki et al. 2020].

The aim of the research undertaken was to evaluate how aging of plant tissues and
the process of their desiccation affect the content of saccharides, especially the content
of D-chiro-inositol and its a-D-galactosyl derivatives in various organs of the buckwheat
plant. The results obtained may be relevant during the potential use of buckwheat tissues
as a source for the production of pharmacological preparations rich in DCI and its
a-D-galactosyl derivatives.

MATERIALS AND METHODS

Plant cultivation and desiccation

A field experiment was carried in 2016 near Olsztyn (53°38'22"N, 20°23'12"E) using
seeds of common buckwheat (Fagopyrum esculentum Moench, cv. Kora) purchased from
on-line garden store Sadowniczy.pl. The seeds were sown on pseudopodsolic soil, which is
characteristic for the region of Warmia and Mazury, at a density of about 250 seeds m,
The area of the harvested plot was 10 m? The buckwheat seeds were sown on 16 May
2016, and no mineral fertilizers or pesticides were applied during the cultivation. Plant
samples were taken to the analysis and to desiccation experiment on 79", 94" and 123t
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days after sowing (DAS). The total number of plants taken at each time period for analysis
and desiccation was between 150 and 200. Intact plants were subjected to desiccation
process (4 weeks, temperature 23 + 2°C; RH = 40-50%; laboratory room) to an air-dry
state and then seeds, leaves and stems were analysed separately.

Analyses of cyclitols and their galactosides

Samples of freshly harvested seeds, leaves and stems were frozen at —76°C, and then
freeze-dried. Dried or freeze-dried samples of plant tissues were pulverized in a mixer
mill (MM200, Retsch, Verder Group, Netherlands). Soluble carbohydrates were
extracted from 40 to 45 mg of flour with 800 pl of ethanol: water (1:1, v/v, at 90°C for
30 min with continuous shaking at 300 rpm), containing 100 pg of xylitol (internal
standard). Homogenates were centrifuged (20,000 x g at 4°C for 20 min) and aliquots
(400 pl) of clear supernatants were deionized (with a 300 pl of a mixture of Dowex ion-
exchanger resins, Sigma-Aldrich, St. Louis, USA) and brought to dryness in a speed
vacuum rotary evaporator. The dry residues were derivatized with a 200 pl of mixture of
TMSI/pyridine (1:1, v/v, Sigma-Aldrich, St. Louis, USA) at 80°C for 45 min. The TMS
derivatives of carbohydrates were analyzed with the high-resolution gas chromatography
method on a capillary column (Rtx-1, 15 m length, 0.25 mm diameter, 0.1 pm thickness
of 100% dimethyl polysiloxane layer, Restek, Anchem Plus, Warsaw, Poland) in a gas
chromatograph (GC2010, Shimadzu, Kyoto, Japan), under conditions described
previously [Lahuta and Gorecki 2010].

The results were calculated using the internal standard method. Standards of myo-
inositol, D-pinitol, D-chiro-inositol were obtained from Fine Chemicals (Auckland, New
Zealand), and galactinol was supplied by Wako Pure Chemicals Industries Ltd. (Osaka,
Japan). Galactosides of D-pinitol (galactosyl pinitol A and B), were extracted from seeds
of winter vetch (Vicia villosa Roth.) and purified as described previously [Szczecinski et
al. 2000]. Fagopyritols Al, B1, A2 and B2 were isolated and purified from seeds of
common buckwheat [Horbowicz et al. 1998, Szczecinski et al. 1998, Obendorf et al.
2000, Steadman et al. 2001, Gui et al. 2013].

Analyses of the buckwheat tissues were performed in three replicates. Analysis
of variance (one way ANOVA) and Tukey’s post-hoc test were used to check the signif-
icance of the differences. These calculations were performed using Statistica 12PL soft-
ware (StatSoft, Tulsa, USA).

RESULTS

The high-resolution gas chromatography method used in this study demonstrated the
presence of common carbohydrates (fructose, glucose, galactose, sucrose, maltose, cel-
lobiose, raffinose, stachyose, sorbitol), myo-inositol (MIN), D-pinitol (PIN), D-chiro-
inositol (DCI) and a-D-galactosyl derivatives of MIN, PIN and DCI in buckwheat seeds,
leaves and stems. The obtained results of analyses were shown in Fig. 1-3 and Tables 2
and 3. Weather conditions occurring during the vegetation of buckwheat plants were
shown in Table 1.
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Table 1. The weather conditions in the buckwheat growing area (May — August 2016)

Air temperature (°C) Soil temperature (°C) Number Exposure

Month mean maximal | minimal mean minimal of rainy to sunlight,
days hours
May 14.7 27.5 -0.5 17.7 4.5 12 290
June 17.7 33.7 -0.2 21.9 6.8 11 366
July 18.3 31.0 8.5 21.5 11.4 19 167
August 17.3 29.5 5.0 19.6 9.5 19 172

Myo-inositol content was maintained during buckwheat vegetation in leaves and

stems at a similar level, whereas during desiccation of plants collected on 79" and 94"
day after sowing (DAS) a decrease in its content occurred (Fig. 1, Tab. 2 and 3). On the
other hand, the desiccation of plants collected on 123" DAS did not cause a decrease in
MIN. Myo-inositol content in immature (green) buckwheat seeds (79" DAS) was several
times higher than in more mature seeds collected on 94" and 123" DAS (Fig. 1). Seeds
desiccation, regardless of the degree of their maturity, caused MIN losses. Also DCI was
present in immature buckwheat seeds (79" DAS) in the highest content, but the
desiccation process led to a large decrease in its level. However, desiccation of more
mature seeds (94" and 123" DAS) did not cause DCI losses (Fig. 1).
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Fig. 1. Content of cyclitols in buckwheat seeds harvested on 79", 94" and 123" day after sowing
(DAS) and after desiccation by drying of whole plants at temperature 23 +2°C. Mean results + SD
followed by the same letter were not significantly different (p < 0.05) according to Tukey’s test

D-pinitol contents in buckwheat seeds were lower than DCI or MIN and fluctuated
to some extent during seed maturation and desiccation (Fig. 1). The PIN content in stems
was higher than that of the leaves and seeds of buckwheat, but its decreased after
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desiccation. It is interesting to note that clearly lower contents of DCI and PIN were
shown in buckwheat seeds than in stems on 94" and 123" DAS. These results indicate
a different physiological role of both cyclitols in the analyzed organs.

The cyclitols in buckwheat seeds are delivered from leaves. However, cyclitol
monogalactosides may also be transported from leaves to seeds, as indicated by their
presence in the stem. The contents of mono-galactosides of MIN and PIN were highest
in young buckwheat seeds (79" DAS), and decreased sharply in more mature ones (93%
and 123™ DAS) (Fig. 2). The desiccation of young seeds (79™ and 94" DAS) resulted in
a marked decrease of their content, while an increase was observed in the mature seeds
(123" DAS). An increase in PIN mono-galactosides content also occurred in the leaves
and stems desiccated at late vegetative stage (123" DAS) (Tab. 2 and 3).

Table 2. Content (mg g* DW) of cyclitols and their a-D-galactosides in buckwheat leaves
harvested on 79™, 94t and 123t day after sowing (DAS) and after desiccation at temperature
23 £2°C. Mean results in rows + SD followed by the same letter were not significantly different
(p < 0.05) according to Tukey’s test

79" DAS 94 DAS 123" DAS

Carbohydrate - - -

fresh desiccated fresh desiccated fresh desiccated
DCI 1.11£0.039 | 0.64+0.02¢ | 1.500.03¢| 1.13+0.029 | 2.86+0.04° | 3.76 +0.022
Fag Al 0.17+0.02° | 0.19+0.03° | 0.05+0.01¢| 0.09 £0.02t¢ | 0.36£0.012 | 0.04 +0.01°
Fag B1 0.21£0.032 | 0.13+£0.04* | 0.07+0.022 | 0.13+£0.012 | 0.10+0.032 | 0.18 +£0.042
Fag A2 0.12+0.032 | 0.09+0.012 | 0.08+£0.012 | 0.09 £0.022 | 0.10 +0.022 nd
Fag B2 0.10+£0.022 | 0.09+0.01* | 0.05+0.012 | 0.05+0.012 | 0.04 £0.012 nd
myo-inositol | 1.48£0.05° | 0.68+£0.01¢ | 1.79+0.032| 1.00+0.01¢ | 1.21 £0.02° | 1.20+0.01¢
Galactinol 0.26+0.052 | 0.0740.02° | 0.09+0.01°| 0.07 £0.01° | 0.08 +0.01° | 0.30 +0.032
DGMI nd nd nd nd nd nd
Pinitol 0.10+0.01%| 0.19+0.02° | 0.06+0.01°| 0.14+0.02° | 0.41 +£0.022 | 0.40 £0.042
GPA 0.36£0.07°| 0.38 +£0.07°¢ | 0.20+0.03° | 0.37+0.03° | 0.47 +£0.06" | 0.78 +0.03?
GPB 0.03+0.01° | 0.390.032 | 0.01£0.01¢| 0.31 £0.072 | 0.05£0.02%¢ | 0.10+0.01P
Total d e c e b a

. 2.69 +0.09' 1.51 £0.07 3.35+0.07°| 1.78 £0.05° | 4.48 +0.08" | 5.36 +0.07

cyclitols
Total
galactosyl- 1.15£0.218 | 1.34+0.19° |0.55+0.07°| 1.11+0.112 | 1.20+0.12% | 1.40+0.112
cyclitols

Abbreviations: DCI — D-chiro-inositol; Fag Al — fagopyritol Al; Fag B1 — fagopyritol B1; Fag A2 — fagopyri-
tol A2; Fag B2 — fagopyritol B2; Galactinol — galacto-myo-inositol; DGMI — di-galacto-myo-inositol; GPA —
galacto-pinitol A; GPB — galacto-pinitol B; nd — not detected
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Table 3. Content (mg g* DW) of cyclitols and their a-b-galactosides in buckwheat stems harvest-
ed on 79™, 94" and 123" day after sowing (DAS) and after desiccation at temperature 23 +2°C.
Mean results in rows = SD followed by the same letter were not significantly different (p < 0.05)
according to Tukey’s test

79t DAS 94t DAS 123" DAS

Carbohydrate

fresh desiccated fresh desiccated fresh desiccated
DCI 1.31 £0.079 [ 1.02 £0.02¢ | 1.32 +0.05¢ | 2.28 +0.02¢ | 2.57 £0.04" | 3.02 +0.022
Fag Al 0.21 £0.022 | 0.05 £0.01°| 0.02 £0.01° | 0.19 £0.022 | 0.09 £0.02° | 0.27 +£0.03?
Fag B1 0.17 £0.012 | 0.06 £0.01°| 0.03 £0.01° |0.08 +0.01° | 0.03 £0.01® | 0.08 £0.01°
Fag A2 nd nd nd nd nd nd
Fag B2 nd nd nd nd nd nd
myo-inositol | 0.31 £0.032 {0.17 £0.01°| 0.35 £0.022 | 0.25 £0.022 | 0.33 £0.01° | 0.32 £0.01"
Galactinol 0.16 £0.012 | 0.01 £0.01°| 0.09 £0.02° | 0.01 £0.01° | 0.02 £0.01® | 0.02 £0.01°
DGMI nd nd nd nd nd nd
Pinitol 1.53 +£0.312 | 0.05 +£0.019| 0.62 £0.11° | 0.19 £0.03¢ | 2.03 £0.342 | 0.40 +0.14
GPA 0.31 £0.04% | 0.04 £0.01°| 0.16 £0.032 | 0.13 £0.032 | 0.16 £0.022 | 0.32 £0.072
GPB 0.05 £0.01° [ 0.01 +£0.01°| 0.01 £0.01° | 0.05 £0.01° | 0.01 £0.01° | 0.11 £0.012
Total cyclitols|3.15 £0.29% | 1.24 £0.04¢| 2.29 +£0.17° | 2.72 +£0.06° | 4.93 £0.48% | 3.74 £0.152
Total
?f;if;[t()oi)sll- 0.90 £0.09% | 0.17 £0.04°| 0.31 £0.06*° | 0.46 £0.07° | 0.31 £0.06 | 0.90 £0.112

Abbreviations: DCI — D-chiro-inositol; Fag Al — fagopyritol Al; Fag B1 — fagopyritol B1; Fag A2 — fagopyri-
tol A2; Fag B2 — fagopyritol B2; Galactinol — galacto-myo-inositol; DGMI — di-galacto-myo-inositol; GPA —
galacto-pinitol A; GPB — galacto-pinitol B; nd — not detected

The presence of mono-galactosides of DCI (fagopyritols Al and B1) was confirmed
in the present study in maturing seeds and during vegetation of buckwheat leaves and
stems (Fig. 2, Tab. 2 and 3). The content of Fag Al (Gal-chiro-inositol A1) and Fag B1
(Gal-chiro-inositol B1) in buckwheat leaves and stems was low (0.03-0.36 mg g dry
weight (DW) and fluctuated slightly during vegetation and desiccation. Considerably
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higher contents of Fag A1 (0.7-1.4 mg g** DW), and especially Fag B1 (2.0-8.5 mg g*
DW) were found in buckwheat seeds (Fig. 2). In immature seeds (79" DAS), desiccation
caused an increase in Fag Al and Fag B1 contents, while in more mature seeds (94" and
123" DAS) their decrease. The content of Fag B1 gradually increased during seed
maturation from ca. 2.0 mg g* DW to ca. 8.5 mg g** DW, but desiccation of young seeds
(79" DAS) increased its content, while this process in more mature seeds (94" and 123
DAS) caused a decline to 5 mg g** DW.
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Fig. 2. Content of mono-galactosyl cyclitols in buckwheat seeds harvested on 79, 94t and 123t
day after sowing (DAS) and after desiccation by drying of whole plant at temperature 23 £2°C.
Mean results = SD followed by the same letter were not significantly different (p < 0.05) according
to Tukey’s test
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Fig. 3. Content of di-galactosyl cyclitols in buckwheat seeds harvested on 791, 94" and 123" day

after sowing (DAS) and after desiccation by drying of whole plant a temperature 23 £2°C. Mean

results + SD followed by the same letter were not significantly different (p < 0.05) according
to Tukey’s test

In present study the presence of di-galactosides of MIN and DCI was demonstrated
in the maturing buckwheat seeds (Fig. 3), as well as in leaves, but not in stems (Tab. 2
and 3). The contents of MIN and DCI galactosides gradually increased during
maturation of seeds, and the desiccation process generally increased their levels as well.
This process resulted in a particularly large increase in the content of Fag B2 (di-gal-
-chiro-inositol B2) (Fig. 3). Digalactosides of MIN and DCI are present in small
contents in buckwheat leaves and are absent in stems.

DISCUSSION

Myo-inositol (MIN), D-chiro-inositol (DCI) and D-pinitol (PIN) are natural com-
pounds involved in many biological pathways [Thomas et al. 2016]. The MIN and PIN
are commonly found in plant tissues while DCI is found more rarely. Recently, using
modern methods, the presence of measurable amounts of DCI in many plant species has
been confirmed [Ratiu et al. 2019]. The well-known plant source of DCI is the genus
Polygonaceae, especially seeds of Fagopyrum species [Obendorf et al. 2012a, 2012b].
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The content of cyclitols in other organs of this species has not been analyzed so far [Ma
et al. 2005]. During the completion of this study all buckwheat tissues examined
contained measurable contents of the MIN, DCI and PIN (Fig. 1, Tab. 2 and 3). The
presence of PIN as well as a-D-galactosyl derivatives of DCI in buckwheat leaves, stem
and inflorescences was shown for the first time.

During desiccation of plants tissue, polyols and other sugars can partially replace
lost of water to protect important macromolecules and biological membranes from de-
struction [Caramelo and lusem 2009]. However, in the case of young buckwheat or-
gans/tissues the stress due to desiccation is distinct from that of mature ones. Particularly
large decreases in DCI and MIN occurred after desiccation of young seeds and leaves,
which may indicate that these tissues are particularly susceptible to such stress due to the
lack of defense systems or their incomplete activity in combating it. This means that
metabolic processes also take longer and then cyclitols can be further metabolized.

Among osmolytes accumulated during the stress caused by drought stress and cold
stress is D-pinitol (PIN) [Bertrand et al. 2007, Hornyak et al. 2022]. The decrease in PIN
content after desiccation of young leaves, stems and seeds of common buckwheat indi-
cates that PIN there does not play a protective role or, that such young tissues do not
have fully developed defense mechanisms against this stress. The presence of PIN in
buckwheat tissues may be due to the putative involvement of this cyclitol as an interme-
diate in the biosynthesis of DCI from MIN [Horbowicz et al. 1998, Horbowicz and
Obendorf 2005]. DCI in leaf tissues is formed from MIN, as demonstrated by supplying
MIN to buckwheat explants, which resulted in a marked increase in DCI content [Ma et
al. 2005]. DCI is transported from leaves to seeds, as increasing the supply of DCI to
buckwheat explants increases the accumulation of fagopyritols in seeds [Ma et al. 2005].
Supplying the DCI to soybean, peas and cereal explants also elevated fagopyritols
concentration in seeds of these species [Gomes et al. 2005, Lahuta and Goszczynska
2010, Lahuta et al. 2010].

The presence of PIN has not yet been found in seeds and other organs of common
buckwheat [ Ma et al. 2005, Brenac et al. 2013]. These mentioned studies were
conducted under controlled laboratory conditions and on another cultivar of buckwheat
than the present one in which plants from a field cultivation were used. Field conditions
with wide temperature fluctuations (Tab. 1) could have caused a response that resulted in
a relatively high PIN content (Tab. 3). The presence of MIN, PIN and DCI in buckwheat
stem indicates probabaly that these cyclitols are transported to seeds where they can be
used for the synthesis of their a-D-galactosides. This confirms previous data showing
that multi-day supplementation of buckwheat explants with PIN and DCI resulted in
a significant increase in their content in leaves and massive accumulation in maturing
seeds [Ma et al. 2005].

The most important in buckwhat, in terms of their content, are the a-D-galactosides
of DCI (fagopyritols) [Obendorf et al. 2012a, 2012b]. Among broadly cultivated plants,
only seeds of common buckwheat contain a unique set of mono-, di-, and tri-a-D-
-galactosides of the DCI [Horbowicz et al. 1998, Obendorf et al. 2012b] instead of
galactosides of sucrose — raffinose family oligosaccharides, common for legume and
cereal seeds [Obendorf et al. 2012a]. Fagopyritols were found as a major soluble
carbohydrates in buckwheat seed embryos and their accumulation is associated with the
acquisition of desiccation tolerance during seed development and maturation
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[Horbowicz and Obendorf 2005, Obendorf et al. 2012b]. The current study demonstrates
that fagopyritols are present in both seeds and other organs of buckwheat such as leaves,
stem and inflorescences, which are new data.

A large increase in the content of fagopyritol B2 may indicate its important
protective role in seeds when the whole plant being exposed to dessication. This process
probably results in a gradual inhibition of DCI transport to the seeds and other
physiological disorders including changes in enzymatic activity. This may cause
enzymes associated with galactosylation to target the attachment of galactosyl residues
to mono-galactosides of MIN and DCI (galactinol and fagopyritol B1, respecively)
resulting in the production of their di-galactosides. This resulted in an increase in MIN
and DCI di-a-D-galactosides, while mono-galactosides levels decreased (Fig. 2 and 3).
However, this hypothesis requires further detailed studies.

The phenomenon of reduction of DCI mono-galactosides content in seeds during
whole plant dessication is different from that observed during physiological maturation
and desiccation of seeds on the intact living buckwheat plant [Horbowicz et al. 1998, Ma
et al. 2005]. In these previous experiments, a marked increase of Fag. B1 content in
embryos was demonstrated. It has also been suspected that this may be related to the
acquisition of desiccation tolerance by the seeds of this species. The results obtained in
the current study show that the physiological desiccation involving a growing plant is
different from that occurring in a plant desiccated as a whole.

The increase mono-galactosides of PIN after desiccation of fully mature seeds,
leaves, and stem of buckwheat may support suggestions that the older tissues have
developed defense mechanisms against such type of stress. It was previously reported
that buckwheat tissues do not contain PIN or its galactosides [Horbowicz et al. 1998, Ma
et al. 2005]. However, in those experiments buckwheat plants were grown in a
greenhouse or in temperature-controlled growth chambers. In the present study,
buckwheat was grown in an open field and the air temperature varied from 0°C to 25°C
(Tab. 1). This may be the reason for the differences that occurred, as well as genetic
diversity between cultivars. It is known that cold stress during vegetation may be
responsible for the enhanced accumulation of PIN and DCI in plants [Bertrand et al.
2007, Zuluaga et al. 2020].

Comparing the results of the saccharide profile of buckwheat seeds obtained in this
study, we can see their similarity with those obtained previously [Horbowicz et al. 1998,
Horbowicz and Obendorf 2005, Ma et al. 2005]. However, obtained results are not
consistent with those recently published by Nesovi¢ et al. [2021]. The reasons for these
discrepancies are unknown, but probably an important factor is the analytical methods
used as well as the ability to use pure standards. They used to analyses a HPLC method
equipped with classical 250 mm x 4 mm column and pulsed amperometric detector.
Using this method, they found in buckwheat grain the presence of almost 265 g kg* DW
and 394 g kg* DW of fructose and glucose, respectively, 48.1 g kg™ DW of sucrose, and
the absence of DCI, MIN and PIN, as well as their galactosides. The occurrence of such
large amounts of monosaccharides is unprecedented in mature seeds. Previously, the
presence galactosides of DCI, PIN and MIN was confirmed by their isolation,
purification, and structural analyses by *C nuclear magnetic resonance (NMR)
[Szczecinski et al. 1998, Obendorf et al. 2000, Steadman et al. 2001, Gui et al. 2013].
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SUMMARY

All plant organs of buckwheat plant had the same saccharide profile, with the excep-
tion of the leaves, which had no measurable levels of di-a-D-galactoside myo-inositol
(DGMI), and the stems, which had no DGMI, as well as fagopyritols A2 and B2. The
contents of D-chiro-inositol (DCI) in young seeds were markedly higher than in more
mature ones. In contrast, in buckwheat stem and leaves, DCI contents increased with
vegetation, and the desiccation process further increased its levels, confirming the pro-
tective role of this cyclitol in response to such stress.

Desiccated stems and leaves of buckwheat from the final phase of their vegetation
can be a source for obtaining preparations containing DCI and other cyclitols. The pres-
ence of free cyclitols in buckwheat seeds indicates that these cyclitols are translocated
from the leaves and undergo galactosylation there, confirming previously published data.
The desiccation process at ambient temperature leads to a slow loss of water in the
leaves and stem and this causes the metabolic processes to be continued for some time,
as a result of which the saccharide content can change markedly.

The desiccation process of the whole buckwheat plant very clearly increased
the di-o-D-galactosides content of both DCI and MIN in seeds, indicating their protec-
tive role against such stress.

REFERENCES

Ahn C.H., Hossain M.A., Lee E., Kanth B.K., Park P.B., 2018. Increased salt and drought toler-
ance by p-pinitol production in transgenic Arabidopsis thaliana. Bioch. Bioph. Res. Comm.
504, 315-320. https://doi.org/10.1016/j.bbrc.2018.08.183

Antonowski T., Osowski A., Lahuta L., Gorecki R., Rynkiewicz A., Wojtkiewicz J., 2019. Health-
promoting properties of selected cyclitols for metabolic syndrome and diabetes. Nutrients 11,
2314. https://doi.org/10.3390/nu11102314

Bertrand A., Prévost D., Bigras F.J., Castonguay Y., 2007. Elevated atmospheric CO2 and strain of
rhizobium alter freezing tolerance and cold-induced molecular changes in alfalfa (Medicago
sativa). Ann. Bot. (London) 99, 275-284. https://doi.org/10.1093/aob/mcl254

Brenac P., Horbowicz M., Smith M.E., Obendorf R.L., 2013. Raffinose and stachyose accumulate
in hypocotyls during drying of common buckwheat seedlings. Crop Sci. 53, 1615-1625.
https://doi.org/10.2135/cropsci2012.12.0702

Caramelo J.J., lusem N.D., 2009. When cells lose water: Lessons from biophysics and molecular
biology. Prog. Biophys. Mol. Bio. 99, 1-6. https://doi.org/10.1016/j.pbiomolbio.2008.10.001

Dumschott K., Dechorgnat J., Merchant A., 2019. Water deficit elicits a transcriptional response of
genes governing D-pinitol biosynthesis in soybean (Glycine max). Int. J. Mol. Sci. 20, 2411.
https://doi.org/10.3390/ijms20102411

Dziadek K., Kope¢ A., Pastucha E., Piatkowska E., Leszczynska T., Pisulewska E., Witkowicz R.,
Francik R., 2016. Basic chemical composition and bioactive compounds content in selected
cultivars of buckwheat whole seeds, dehulled seeds and hulls. J. Cereal Sci. 69, 1-8.
https://doi.org/10.1016/j.jcs.2016.02.00

Eveland A.L., Jackson D.P., 2012. Sugars, signaling, and plant development. J. Exp. Bot. 63,
3367-3377. https://doi.org/10.1093/jxb/err379



Changes in the content of D-chiro-inositol and its a-D-galactosyl derivatives during vegetation... 95

Gambioli R., Forte G., Aragona C., Bevilacqua A., Bizzarri M., Unfer V., 2021. The use of
D-chiro-inositol in clinical practice. Eur. Rev. Med. Pharmacol. Sci. 25, 438-446.
https://doi.org/10.26355/eurrev_202101_24412

Giménez-Bastida J.A., Zielinski H., 2015. Buckwheat as a functional food and its effects on
health. J. Agric. Food Chem. 63, 7896—7913. https://doi.org/10.1021/acs.jafc.5b02498

Gomes C.l., Obendorf R.L., Horbowicz M., 2005. myo-Inositol, b-chiro-Inositol, and D-Pinitol
synthesis, transport, and galactoside formation in soybean explants. Crop Sci. 45, 1312-1319.
https://doi.org/10.2135/cropsci2004.0247

Gui W., Lemley B.A., Keresztes I., Condo A.M. Jr., Steadman K.J., Obendorf R.L., 2013. Purifi-
cation and molecular structure of digalactosyl myo-inositol (DGMI), trigalactosyl myo-
inositol (TGMI), and fagopyritol B3 from common buckwheat seeds by NMR. Carbohyd.
Res. 380, 130-136. https://doi.org/10.1016/j.carres.2013.08.004

He J., Zhang Y.L., Wang L.P., Liu X.C., 2021. Impact of different stereoisomers of inositol on
insulin sensitivity of gestational diabetes mellitus patients. World J. Clin. Cases. 9(3),
565-572. https://dx.doi.org/10.12998/wjcc.v9.i3.565

Hornyak M., Dziurka M., Kula-Maximenko M., Pastuszak J., Szczerba A., Szklarczyk M., Plazek
A., 2022. Photosynthetic efficiency, growth and secondary metabolism of common buck-
wheat (Fagopyrum esculentum Moench) in different controlled-environment production sys-
tems. Sci. Rep. 12, 257. https://doi.org/10.1038/s41598-021-04134-6

Horbowicz M., Brenac P., Obendorf R.L., 1998. Fagopyritol B1, O-a-D-galactopyranosyl-(1—2)-
-D-chiro-inositol, a galactosyl cyclitol in maturing buckwheat seeds associated with desicca-
tion tolerance. Planta 205, 1-11. https://doi.org/10.1007/s004250050290

Horbowicz M., Obendorf R.L., 2005. Fagopyritol accumulation and germination of buckwheat
seeds matured at 15, 22, and 30°C. Crop Sci. 45, 1264-1270. https://doi.org/10.2135/ crop-
sci2004.0431

Horbowicz M., Wiczkowski W., Szawara-Nowak D., Sawicki T., Kosson R., Sytykiewicz H.,
2015. The level of flavonoids and amines in de-etiolated and methyl jasmonate treated seed-
lings of common buckwheat. Phytochem. Lett. 13, 15-19. https://doi.org/10.1016/
j.phytol.2015.05.011

Huda M.N., Lu S., Jahan T., Ding M., Jha R., Zhang K., Zhang W., Georgiev M.I., Park S.U.,
Zhou M., 2020. Treasure from garden: Bioactive compounds of buckwheat. Food Chem. 335,
127653. https://doi.org/10.1016/j.foodchem.2020.127653

Kreft 1., Zhou M., Golob A., Germ M., Likar M., Dziedzic K., Luthar Z., 2020. Breeding buck-
wheat for nutritional quality. Breeding Sci. 70, 67—73. https://doi.org/10.1270/ jsbbs.19016

Lahuta L., Goszczynska J., 2010. Cyclitols in maturing grains of wheat, triticale and barley. Acta
Soc. Bot. Pol. 79, 181-187. https://doi.org/10.5586/asbp.2010.023

Lahuta L.B., Gorecki R.J., 2010. Raffinose in seedlings of winter vetch (Vicia villosa Roth.) under
osmotic stress and followed by recovery. Acta Physiol. Plant. 33, 725-733.
https://doi.org/10.1007/s11738-010-0597-4

Lahuta L., Swiecicki W., Dzik T., Gorecki R., Horbowicz M., 2010. Feeding stem-leaf-pod ex-
plants of pea (Pisum sativum L.) with D-chiro-inositol or D-pinitol modifies composition of
alpha-D-galactosides in developing seeds. Seed Sci. Res. 20, 213-221. https://doi.org/
10.1017/ S096025851000022X

Ma J.M., Horbowicz M., Obendorf R.L., 2005. Cyclitol galactosides in embryos of buckwheat
stem-leaf—seed explants fed D-chiro-inositol, myo-inositol or D-pinitol. Seed Sci. Res. 15,
329-338. https://doi.org/10.1079/SSR2005221

Nesovi¢ M., Gasi¢ U., Tosti T., Harvacki N., Nedi¢ N., Sredojevi¢ M., Blagojevi¢ S., Ignjatovié
L., Tedi¢ Z., 2021. Distribution of polyphenolic and sugar compounds in different buckwheat
plant parts. Roy. Soc. Chem. Advances 11, 25816-25829. https://doi.org/10.1039/
D1RA04250E

Noiraud N., Maurousset L., Lemoine R., 2001. Transport of polyols in higher plants. Plant Physiol.
Bioch. 39, 717-728. https://doi.org/10.1016/S0981-9428(01)01292-X



96 L.B. LAHUTA, J. SZABLINSKA-PIERNIK, R.J. GORECKI, J. MITRUS, M. HORBOWICZ

Obendorf R.L., Horbowicz M., Lahuta L.B., 2012a. Characterization of sugars, cyclitols and ga-
lactosyl cyclitols in seeds by GC. In: Preedy V (ed) Dietary sugars: chemistry, analysis, func-
tion and effects. King’s College London Royal Society of Chemistry Publishing, London,
167-185. https://doi.org/10.1039/9781849734929-00167

Obendorf R.L., Horbowicz M., Ueda T., Steadman K.J., 2012b. Fagopyritols: occurrence, biosyn-
thesis, analyses, and possible role. Eur. J. Plant Sci. Biotechnol. 6, 27-36.

Obendorf R.L., Odorcic S., Ueda T., Coseo M., Vassallo E., 2004. Soybean galactinol synthase
forms fagopyritol B1 but not galactopinitols: substrate feeding of isolated embryos and heter-
ologous expression. Seed Sci. Res. 14, 321-333. https://doi.org/10.1079/SSR2004186

Obendorf R.L., Steadman K., Horbowicz M., Lewis B.A., 2000. Molecular structure of fagopyritol
Al (O-a- Dp-galactopyranosyl-(1—3)-D-chiro-inositol) by NMR. Carbohyd. Res. 238,
623-627. https://doi.org/10.1016/s0008-6215(00)00133-6

Oweczarczyk-Saczonek A., Lahuta L.B., Ligor M., Placek W., Gorecki R.J., Buszewski B., 2018.
The healing-promoting properties of selected cyclitols-a review. Nutrients 10, 1891.
https://doi.org/10.3390/hu10121891

Pirzadah T.B., Malik B., Tahir I., Rehman R.U., 2019. Buckwheat journey to functional food
sector. Curr. Nutr. Food Sci. 15, 1-8. https://doi.org/10.2174/1573401314666181022154332

Podolska G., Gujska E., Klepacka J., Aleksandrowicz E., 2021. Bioactive compounds in different
buckwheat species. Plants 10, 961. https://doi.org/10.3390/plants10050961

Ratiu I.A., Al-Suod H., Ligor M., Ligor T., Krakowska A., Gérecki R., Buszewski B., 2019. Simulta-
neous determination of cyclitols and sugars following a comprehensive investigation of 40
plants. Food Anal. Method. 12, 1466-1478. https://doi.org/10.1007/s12161-019-01481-z

Sengupta S., Mukherjee S., Basak P., Majumder A.L., 2015. Significance of galactinol and raffi-
nose family oligosaccharide synthesis in plants. Front. Plant Sci. 6, 656. https://doi.org/
10.3389/fpls.2015.00656

Shen B., Jensen R.G., Bohnert H.J., 1997. Mannitol protects against oxidation by hydroxyl radi-
cals. Plant Physiol. 115, 527-532. https://doi.org/10.1104/pp.115.2.527

Siracusa L., Napoli E., Ruberto G., 2022. Novel chemical and biological insights of inositol deriv-
atives in Mediterranean plants. Molecules 27, 1525. https://doi.org/10.3390/ mole-
cules27051525

Steadman K.J., Fuller D.J., Obendorf R.L., 2001. Purification and molecular structure of two
digalactosyl p-chiro-inositols and two trigalactosyl D-chiro-inositols from buckwheat seeds.
Carbohyd. Res. 331, 19-25. https://doi.org/10.1016/s0008-6215(00)00320-7

Suzuki T., Noda T., Morishita T., Ishiguro K., Otsuka S., Brunori A., 2020. Present status and
future perspectives of breeding for buckwheat quality. Breeding Sci. 70, 48-66.
https://doi.org/10.1270/jsbbs.19018

Szczecinski P., Gryff-Keller A., Horbowicz M., Lahuta L.B., 2000. Galactosylpinitols isolated
from vetch seeds (Vicia villosa Roth.). J. Agr. Food Chem. 48, 2717-2720. https://doi.org/
10.1021/jf000182g

Szczecinski P., Gryff-Keller A., Horbowicz M., Obendorf R.L., 1998. NMR investigation of the
structure of fagopyritol B1 from buckwheat seeds. Bull. Polish Acad. Sci. Chem. 48, 9-13.

Thomas M.P., Mills S.J., Potter B.V., 2016. The "Other" inositols and their phosphates: Synthesis,
biology, and medicine (with recent advances in myo-inositol chemistry). Angew. Chem. Int.
Ed. Engl. 55, 1614-1650. https://doi.org/10.1002/anie.201502227

Wiczkowski W., Szawara-Nowak D., Debski H., Mitrus J., Horbowicz M., 2014. Comparison
of flavonoids profile in sprouts of common buckwheat cultivars and wild tartary buckwheat.
Int. J. Food Sci. Technol. 49, 1977-1984. https://doi.org/10.1111/ijfs.12484

Wisniewski K., Jozwik M., Wojtkiewicz J., 2020. Cancer prevention by natural products intro-
duced into the diet-selected cyclitols. Int. J. Mol. Sci. 21, 8988. https://doi.org/10.3390/
ijms2123898


https://pubmed.ncbi.nlm.nih.gov/26379684/
https://pubmed.ncbi.nlm.nih.gov/26379684/

Changes in the content of D-chiro-inositol and its a-D-galactosyl derivatives during vegetation... 97

Zuluaga A.M., Mena-Garcia A., Chito-Trujillo D., Rada-Mendoza M., Sanz M.L., Ruiz-Matute
A.l., 2020. Development of a microwave-assisted extraction method for the recovery of bio-
active inositols from lettuce (Lactuca sativa) byproducts. Electrophoresis 41, 1804-1811.
https://doi.org/10.1002/elps.202000201

Yang X., Lu M., Wang Y., Wang Y., Liu Z., Chen S., 2021. Response mechanism of plants to
drought stress. Horticulturae 7, 50. https://doi.org/10.3390/horticulturae7030050

Source of funding: The research was financially supported by grant no. BIOSTRATEG
11/389/NCBR/2015 from the National Center for Research and Development (Warsaw, Poland).

Otrzymano/Received: 10.11.2022
Zaakceptowano/Accepted: 5.05.2023
Opublikowano/Published: 26.09.2023



