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ABSTRACT

In the present study, the feeding of stem-flag leaf-ear explants of wheat, triticale and barley with D-chiro-inosi-
tol and D-pinitol was used for modification of the composition of soluble carbohydrates in grains without genetic
transformation of plants. Maturing grains indicated ability to uptake exogenously applied cyclitols, not occurring
naturally in cereal plants, and synthesized their a.-D-galactosides. The pattern of changes in soluble carbohydrates
during grain maturation and germination was not disturbed by the uptake and accumulation of cyclitols. Both, D-
-chiro-inositol and D-pinitol as well as their a.-D-galactosides can be an additional pool of soluble carbohydrates
accumulated by maturing grains, without decreasing seeds viability. This is the first report indicating the possibi-
lity of introduction of cyclitols with potentially human health benefits properties into cereal grains.
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INTRODUCTION

Soluble carbohydrates like monosaccharides and sucrose
are primary products of photosynthesis and play an essen-
tial role in metabolism, development and maturation of
sink organs. In maturing seeds, by acting as signal molecu-
les soluble carbohydrates can also regulate embryo deve-
lopment. At the late stages of maturation, beside sucrose
seeds also accumulate oligosaccharides — a.-D-galactosides
of sucrose — raffinose family oligosaccharides (RFOs) or
different fructosyl derivatives of sucrose (fructan series, in
cereal grains). RFOs are ubiquitous in legumes seeds
(Obendorf 1997), but in cereal grains raffinose dominates
among RFOs, whereas stachyose is present at a very low
level (Henry and Saini 1989). Rye grains contain greater
concentrations of high molecular weight fructan whereas
wheat and barley accumulate higher concentrations of
fructan tri- and tetrasaccharides (Henry and Saini 1989).
RFOs may function as “compatible solute” alleviating the
effects of water deficit by osmotic adjustment, act as
osmoprotectants which stabilize membranes and proteins
against osmotic alternations and participate in establish-

Abbreviations:

fagopyritol B1 — O-o.-D-galactopyranosyl-(1—2)-D-chiro-inositol; galac-
tinol — O-a.-D-galactopyranosyl-(1—1)-L-myo-inositol; GPA — galactosyl
pinitol A — O-a.-D-galactopyranosyl-(1—2)-4-O-methyl-D-chiro-inositol;
D-pinitol — 3-O-methyl-D-chiro-inositol; RFOs — raffinose family oligo-
saccharides

ment of seed desiccation tolerance (Obendorf 1997). Some
reports suggest that fructans revealing similar protective
functions as RFOs (Hincha et al. 2002) can be involved in
drought and cold stress tolerance of vegetative tissues
(Cairns 2003).

In biosynthesis of both groups of oligosaccharides, su-
crose plays a crucial function as a primary acceptor of mo-
nosaccharide residues (and in the case of fructans also as
a fructosyl residue donor). Biosynthesis of RFOs includes
transfer of galactose residue from galactinol to sucrose,
forming raffinose, and following galactosyl transfer reac-
tions leading to synthesis of stachyose and verbascose
occur (Peterbauer and Richter 2001). This process is meta-
bolically limited by sufficient amounts of myo-inositol and
UDP-galactose — both substrates for synthesis of galacti-
nol, which is an essential galactose donor for a-D-galacto-
sides biosynthesis (Peterbauer and Richter 2001). Myo-ino-
sitol can be synthesized in the embryo (Chiera and Grabau
2007) or transported to the embryo from vegetative tissues
(Gomes et al. 2004). Beside RFOs, seeds of some legumes
also accumulate isomers or methylated ethers of myo-ino-
sitol, named cyclitols, and their a.-D-galactosides (Oben-
dorf 1997; Peterbauer and Richter 2001). The most com-
mon cyclitols — D-chiro-inositol, D-pinitol (3-O-methyl-D-
-chiro-inositol) and D-ononitol (4-O-methyl-D-chiro-inosi-
tol) are accumulated in vegetative tissues of different plant
species under osmotic stress conditions caused by salt
stress, drought and cold. Cyclitols can act as osmoprotec-
tants, cryoprotectants (Yancey 2005) and stabilize of prote-
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ins at high temperatures (Jaindl and Popp 2006). Therefore,
they can be a target in genetic engineering of plants (Che-
rian et al. 2006). Only few results are available on the ge-
netic transformation of myo-inositol O-methyltransferase
(IMT1), which catalyzes methylation of myo-inositol in
plants. For example, expression of a IMTI cDNA from
Mesembryantum crystallinum in tobacco resulted in the ac-
cumulation of methylated inositol (D-ononitol) and increa-
sed salt and drought tolerance (Sheveleva et al. 1997). In-
troduction of imt gene from M. crystallinum into soybean
embryogenic cultures resulted in increased accumulation of
D-ononitol and D-pinitol in somatic embryos. However, the
level of D-pinitol in both expanding and mature leaf tissues
of transgenic and non-transformed plants was similar
(Chiera et al. 2006). It means that the efficiency of plants’
transformation for D-pinitol production can be limited by
epimerase, converting D-ononitol to D-pinitol. This enzyme
has yet to be isolated and characterized. Chiera et al.
(2006) suggested that myo-inositol may limit D-ononitol le-
vels, ultimately limiting pinitol production.

Changes in the content of free cyclitols during seed de-
velopment can be a key factor regulating accumulation of
o.-D-galactosides in maturing seeds (Lahuta et al. 2005a).
In seeds of various Vicia species, higher concentration of
D-pinitol than that of myo-inositol throughout seed deve-
lopment and maturation coincides with accumulation of hi-
gher amounts of galactosyl pinitols and affects accumula-
tion of RFOs. Feeding stem-pod-leaf explants of V. hirsuta
and V. tetrasperma (Lahuta et al. 2005b, c) with D-pinitol
(naturally occurring in both vetch species) and D-chiro-ino-
sitol (not detectable in vetches) increased accumulation of
appropriate galactosyl cyclitols and decreased accumula-
tion of verbascose. Similarly, soybean feeding experiments
with cyclitols showed competition between cyclitols and
sucrose as primary galactose acceptors in RFOs and galac-
tosyl cyclitols biosynthetic pathway (Gomes et al. 2004;
Obendorf et al. 2004). Therefore, it can be expected that
the introduction of cyclitols into developing cereal grains,
naturally accumulating only one cyclitol, i.e. myo-inositol,
can change accumulation of other soluble carbohydrates,
particularly RFOs and modify tolerance of grains and see-
dlings to abiotic stresses. On the other hand, D-pinitol and
D-chiro-inositol indicate some health benefits — both cycli-
tols and their galactosides can be helpful compounds in tre-
atment of type 2 diabetes (lowering glucose level in blood),
polycystic ovary syndrome (Yoshida et al. 2006), and Alz-
heimer’s disease (Nitz et al. 2008). Pinitol also possesses
anti-inflammatory (Sethi et al. 2008) and anti-viral proper-
ties (Zhan et al. 2006) and has been implicated in the pre-
vention of cardiovascular diseases (Choi et al. 2009). The
latter suggests that D-pinitol can act as a potential anti-tu-
mor agent (Sethi et al. 2008; Zhan and Lou 2007). Thus, it
can be hypothesised that the presence of some cyclitols in
cereal grains can improve health promoting properties.

In the present study, we have applied the previously de-
scribed method for modification of composition of soluble
carbohydrates in seeds without plant genetic modification
by feeding explants with cyclitols (Lahuta et al. 2005b, c).
The primary objective to this study was the evaluation of
the effect of exogenously applied D-chiro-inositol and D-pi-
nitol (both cyclitols not naturally present in cereals) on ac-
cumulation of soluble carbohydrates in maturing grains of
wheat, triticale and barley.

Lahuta L.B. et al.

MATERIALS AND METHODS

Plant material

Plants of winter cereals: wheat (Triticum aestivum cv
Trend), and triticale (Triticosecale Witmmack cv. Wanad)
were grown on experimental fields of the University of
Warmia and Mazury in Olsztyn (north-east of Poland, lon-
gitude 54°N, 20.5°0) in the growing season 2007/2008.
Spring barley (Hordeum vulgare L. cv Bies) was cultivated
in the crop year 2008. Plants for explant feeding experi-
ments were collected about 20-24 days after pollination
(grain dry weight content 46-50%, soft-hard dough matura-
tion stage).

Dry weight and viability assays

Grains isolated from ears before and after explant fee-
ding were dried at 90°C for 24 hours. The dry weight (DW)
content was expressed as % of fresh weight. The viability
of maturing grains before and after explant feeding with
free cyclitols was estimated by germination test according
to ISTA (1999) standards. Grains were germinated on Pe-
trie dishes containing wet germination paper (50 grains
from 3-5 replicates in each) at 20°C in the dark for 6 days.
Grains were scored as germinated when coleoptile or root
pierced the pericarp and epidermis and reached 1-2 mm in
length.

Feeding stem-flag leaf-ear explants D-chiro-inositol
and D-pinitol

Explants containing the ear, flag leaf, peduncle, last node
and 2 cm long part of internode were incubated in 2.5, 5.0
and 7.5 ml of water (control) or water solutions of D-chiro-
inositol, D-pinitol (at 50 mM concentration each) for 48
hours (for complete uptake of feeding solution). Then
explants (5-10 from each treatment) were slow dried under
laboratory conditions (temperature 20-24°C, RH 30-40%,
natural light/dark period, July/August) for 30 days. Soluble
carbohydrates were analyzed in whole grains. For compari-
son of the concentration of soluble carbohydrates in the
embryo and endosperm tissues, dry triticale grains (from
explants fed with 7.5 ml of water or cyclitols solutions)
were imbibed in sterile double distilled water for 3 hours
and then separated into the embryo (plus scutellum) and
endosperm (with pericarp and epidermis).

Extraction and analysis of soluble carbohydrates

The extraction and analysis of soluble carbohydrates by
the high-resolution gas chromatography method were per-
formed as described previously (Lahuta et al. 2006). Car-
bohydrates were quantified by using commercially availa-
ble standards: glucose, fructose, sucrose, maltose, malto-
triose, raffinose, stachyose, myo-inositol (Sigma), galacti-
nol (Wako, Ireland), 1-kestose (Fluka, Germany), D-chiro-
-inositol and D-pinitol (Industrial Research Ltd., New Zea-
land). Other standards were extracted and purified from na-
tural sources. Standard of galactosyl pinitol A was isolated
and purified from seeds of Vicia villosa as was described
earlier (Szczecifiski et al. 2000), and standard of fagopyri-
tol B1, isolated and purified from buckwheat seeds, was
donated by M. Horbowicz (University of Podlasie, Siedlce,
Poland). The content of carbohydrates was calculated from
standard curves of an appropriate component. Xylitol (Sig-
ma) was used as an internal standard. Results of analyses
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are means of three independent replicates + SE. Results
were statistically analyzed by ANOVA and Tukey’s post
test (at P<0.05) in a GraphPadPrism 3.0 program (USA).

RESULTS AND DISCUSSION

Maturing cereal grains before the feeding experiment
contained sucrose and 1-kestose, as main soluble carbohy-
drates (from 72% up to 92.5-94.5% of total soluble carbo-
hydrates for barley, wheat and triticale, respectively, Fig.
1). The remaining soluble carbohydrates were: fructose,
glucose, myo-inositol, galactinol (data not shown) and mal-
tose. Their concentration was below 1 mg g'! of dry weight
(DW), except maltose in barley grains (3.8 mg g'! DW,
Fig. 1C). The total concentration of soluble carbohydrates
reached 2.3-3.1% DW (for wheat and triticale or barley, re-
spectively). Feeding explants with water and then drying
whole explants accelerated grain maturation and reduced
the total concentration of soluble carbohydrates in grains
by 25, 50 and 60% (for wheat, triticale and barley, respecti-
vely). During maturation drying grains accumulated galac-
tinol (Fig. 2) and raffinose (Fig. 1). Although the accumu-
lation of raffinose (and its higher homologues) during natu-
ral drying of seeds is well documented (for review see
Obendorf 1997), little is known about accumulation of 1-
-kestose in maturing cereal grains. 1-Kestose can be an ini-
tial oligomer from which biosynthesis of different linear or
branched fructans with higher degree of polymerization
starts (Valluru and Van den Ende 2008). In our study, du-
ring gas chromatographic separation of the fraction of solu-
ble carbohydrates extracted from grains only 1-kestose was
identified. Two peaks with retention times appropriate for
oligosaccharides at DP3-4 were detected, but not identi-
fied. The concentration of both compounds (probably oli-
gofructans) calculated according to the known nearest stan-
dard (1-kestose) was low (<1 mg g'! DW) and decreased in
grains dried in planta (data not shown).

Feeding explants with D-chiro-inositol or D-pinitol cau-
sed accumulation of both cyclitols in grains, as expected.
Grains from explants fed with D-chiro-inositol synthesized
also its mono-galactoside — fagopyritol B1 (Fig. 3). Grains
accumulating D-pinitol contained also small amounts of
a product of D-pinitol demetylation — D-chiro-inositol and
traces of fagopyritol B1 (data not shown). In grains contai-
ning D-pinitol its mono-galactoside, i.e. galactosyl pinitol
A (GPA) was present, but at a much lower level, than that
of fagopyritol B1 in grains accumulating D-chiro-inositol
(Fig. 3). The much more intense formation of fagopyritol
B1 than GPA can be explained by the involvement of dif-
ferent enzymes in synthesis of both types of galactosyl
cyclitols. Synthesis of fagopyritol B1 occurs via galactosy-
lation of D-chiro-inositol by galactinol synthase (GolS)
with UDP-galactose as the galactosyl donor (Obendorf et
al. 2004). The presence of fagopyritol B1 and absence of
fagopyritol Al (which can be also synthesized by different
isoforms of GolS, Ueda et al. 2005), suggests that in cereal
grains one form of GolS occurs, similarly to vetch (Lahuta
et al. 2005b, c) and soybean seeds (Gomes et al. 2004).
Probably this was a reason of the lowering level of galacti-
nol in wheat and triticale grains accumulating D-chiro-ino-
sitol (Fig. 2A, B). The much lower content of GPA than
that of fagopyritol B1 can be a result of the low activity of
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Fig. 1. The concentration of sucrose, maltose, raffinose and 1-kestose in
grains of wheat (A), triticale (B) and barley (C) before (Initial, INI) and
after stem-flag leaf-ear explant feeding with 7.5 ml of H,0, D-chiro-inosi-
tol (DCI) or D-pinitol (DPI) solution and followed slow drying of
explants. Means + SE (n=3). The same letters above the bars indicate not
significant differences (P<0.05) after Tukey’s correction for multiple
comparisons.

stachyose synthase (STS), which is believed to be an enzy-
me responsible for synthesis of galactosyl pinitols (Peter-
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Fig. 2. The concentration of galactinol in grains of wheat (A), triticale (B)
and barley (C) before (Initial, INI) and after stem-flag leaf-ear explant fe-
eding with 7.5 ml of H,0, D-chiro-inositol (DCI) or D-pinitol (DPI) solu-
tion and followed slow drying of explants. Means + SE (n=3). The same
letters above the bars indicate not significant differences (P<0.05) after
Tukey’s correction for multiple comparisons.

bauer and Richter 2001). In maturing cereal grains stachyo-
se was not detected and it can be hypothesized that raffino-
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Fig. 3. The concentration of D-chiro-inositol, D-pinitol and their appro-
priate o.-D-galactosides in grains of wheat (A), triticale (B) and barley (C)
after stem-flag leaf-ear explant feeding with 7.5 ml of D-chiro-inositol or
D-pinitol solution and followed slow drying of explants. Means + SE
(n=3). Abbreviations: DCI — D-chiro-inositol; FB1 — fagopyritol B1; DPI
— D-pinitol, GPA — galactosyl pinitol A. The same letters above the bars
indicate not significant differences (P<0.05) after Tukey’s correction for
multiple comparisons.
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Fig. 4. The effect of volume of cyclitol solution (D-chiro-inositol — A, and
D-pinitol — B, at 50 mM concentration each) used for stem-flag leaf-ear
explant feeding on the concentration of free cyclitols and appropriate ga-
lactosyl cyclitols in triticale (Triticosecale Wittmack cv Grenado) grains.
Means 1S E (n=3). Abbreviations: D-chiro-In — D-chiro-inositol; Fag B1 —
fagopyritol B1; GPA — galactosyl pinitol A. Bars with the same letters are
not significantly different (P<0.05) after Tukey’s correction for multiple
comparisons.

se synthase (RS) rather than STS was engaged in synthesis
of GPA. Raffinose synthase partially purified from pea se-
eds, beside synthesis of raffinose, can also catalyse transfer
of galactose residues from galactinol to D-pinitol, produ-
cing GPA (Peterbauer et al. 2002). The low level of accu-
mulated GPA can be a confirmation of low affinity of RS
to D-pinitol as a galactosyl acceptor, as it was indicated in
pea (Peterbauer et al. 2002).

Accumulation of cyclitols in cereal grains correlated
with amounts of cyclitols used for explant feeding (Fig. 4).
The correlation coefficient between amounts of cyclitols
for explants feeding and cyclitols accumulated in grains re-
ached level r = 0.99. However, the efficiency of cyclitol
uptake by grains, calculated as % of to the total amounts of
cyclitols used for explant feeding, was relatively low. The
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efficiency of cyclitol uptake by grains of triticale (5.5 and
7.5% for D-pinitol and D-chiro-inositol, respectively) and
barley (10.6 and 9.5%) was a little higher and than that for
wheat grains (3.2 and 3.5%). Despite the low efficiency of
cyclitols uptake, cyclitols and their galactosides constituted
up to 10-14% (wheat), 22-29 (triticale) and 30% (barley) of
total soluble carbohydrates in grains. In the uptake of cycli-
tols by the embryo some factors can be involved, like type
and concentration of cyclitols, duration of explant feeding,
grain maturation stage, cyclitol transporters, etc. Until
now, there have been no data available on the transporters
facilitating uptake of D-chiro-inositol and D-pinitol by de-
veloping embryos. In vegetative tissues of Arabidopsis dif-
ferent forms of plasma membrane localized transporters of
cyclitols have been found: AtINT4, transporting D-pinitol
beside myo-inositol and AtINT2, transporting also D-chiro-
-inositol (Schneider et al. 2007). Our experiments indicated
that maturing grains of barley accumulated more cyclitols
than grains of triticale and wheat (Fig. 3). In grains of each
cereal species the amount of D-chiro-inositol in free and
bound form (as fagopyritol B1) equalled amounts of D-pi-
nitol (free and bound as GPA) accumulated during explant
feeding and drying. This means that common transporter
involved in cyclitols transport into grains can operate in
grains of investigated species.

In maturing seeds of vetch (Lahuta et al. 2005a, b) and
soybean (Gomes et al. 2004; Obendorf et al. 2008) the ac-
cumulation of cyclitols disturbed accumulation of mainly
raffinose oligosaccharide — verbascose (in vetch) or stachy-
ose (in soybean), but no raffinose. Stachyose and verbasco-
se were not detected before and after grains drying in wheat,
triticale and barley grains. The uptake of cyclitols (and
synthesis of their galactosides) did not affect accumulation
of raffinose (Fig. 1).

Analyses of soluble carbohydrates in the embryo and en-
dosperm of triticale grains after feeding experiment indica-
ted that the concentration of sugars in the embryo was ca.
10-fold higher than that in the endosperm tissues (Table 1),
which is characteristic for cereals grains (Henry and Saini
1989). Similar differences in carbohydrate concentration
were found between the embryonic axis and cotyledons in
dicotyledonous seeds (Obendorf 1997). The presence of fa-
gopyritol B1 or GPA at higher concentration in the triticale
embryo than in the endosperm (in grains fed with D-chiro-
-inositol or D-pinitol, respectively) suggests that synthesis
of these compounds and raffinose can occur in the same
tissues and via a common biosynthetic pathway.

The germinability of wheat, triticale and barley grains
(measured after explant feeding, drying and grains storage
for 30 days under laboratory conditions in paper bags) rea-
ched 95-100% (data not shown), which means that accu-
mulation of new cyclitols did not affect grains maturation.

CONCLUSIONS

In our study, we applied a simple and relatively fast me-
thod for modification of soluble carbohydrates in maturing
cereal grains without plant genetic transformation. The re-
sults indicate possible translocation of D-pinitol or D-chiro-
-inositol into maturing cereal grains, and low ability of gra-
ins to use cyclitols as galactosyl residue acceptors. Accu-
mulation of cyclitols mainly in the free form had no effect
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TABLE 1. The concentration of soluble carbohydrates in the embryo (A) and endosperm (B) of triticale grains matured on explants fed with 7.5 ml of wa-

ter, D-chiro-inositol and D-pinitol. Means + SE (n=3).

Feeding solution

H,0 50 mM D-chiro-Inositol 50 mM D-Pinitol
Carbohydrate
A B B A B
mg g! dry weight

Fructose 0.47+0.07 0.0940.01 0.25+0.02 0.06£0.01 0.15+0.00 0.03+0.01
Glucose 0.53+0.00 0.1140.01 0.33+0.05 0.05+0.01 0.75+0.07 0.21+0.02
Sucrose 62.75£5.96 2.15+0.24 57.20+8.39 2.14%0.12 67.34£0.16 2.53+0.28
Maltose 2.9610.09 1.74+£0.30 0.84+0.25 2.42+0.03 1.58+0.20
Raffinose 20.86%1.98 0.95+0.08 16.26£2.13 0.80+0.14 17.54+0.30 1.02+0.46
1-Kestose 41.9613.94 2.060.17 32.82+4.21 1.89+0.21 35.29+2.59 2.79+0.33
Unk 142%* 2.750.37 0.7710.07 1.0410.12 0.91+0.15 2.69£0.29 1.57£0.21
myo-Inositol 2.07+0.10 0.15%0.01 1.64£0.13 0.13+£0.00 1.56£0.01 0.1710.01
Galactinol 4.82+0.42 0.05+0.00 2.93+0.37 0.00 6.13£0.02 0.08+0.01
D-chiro-In 0.00 0.00 6.2610.66 1.750.22 0.64+0.03 0.06+0.00
Fag B1 0.00 0.00 19.37+£2.41 2.050.47 0.48+0.00 0.0610.01
D-Pinitol 0.00 0.00 0.00 11.68+0.14 3.56+0.37
GPA 0.00 0.00 0.00 1.82+0.01 0.32+0.02
Total 139.19£13.29 8.07£0.83 138.19+18.84 10.62+1.23 148.54+3.95 14.00£1.86

* unknown compounds with retention time (t) between t for 1-kestose and t; for stachyose, suggesting degree of polymerization DP3-4

on overall changes in composition of soluble carbohydrates
during grain maturation. Although the ability to germina-
tion was not changed, deeper physiological studies on the
possible role of cyclitols in grains are needed. Those re-
sults could be helpful for resolve the question if modifica-
tion of cereals leading to accumulation of new cyclitols
and their galactosides in grains can be a safe target for ce-
reals genetic engineering.
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