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ABSTRACT

The aim of this study was to compare the accumulation of soluble carbohydrates in embryos of two lupin spe-
cies: cultivated Lupinus luteus (cv. Juno) and wild L. pilosus, developing on plants grown under normal soil hu-
midity and soil drought. All analysed seeds accumulated soluble carbohydrates, including: monosaccharides, su-
crose, cyclitols, galactosyl cyclitols and raffinose family oligosaccharides.

Soil drought caused a nearly two-fold increase of soluble carbohydrate contents in both species. L. pilosus em-
bryos however, responded to water deficiency by increasing the accumulation of cyclitols and galactosyl cycli-
tols, whereas L. luteus embryos enhanced accumulation of cyclitols and raffinose family oligosaccharides.

KEY WORDS: drought, Lupinus pilosus, Lupinus luteus L., seed, cyclitols, galactosyl cyclitols, raffi-

nose family oligosaccharides.

INTRODUCTION

Water shortage in plants can be caused by salinity, high
or low temperature, soil and atmospheric drought (Hanson
and Hitz 1982). The most evident consequences of mode-
rate water deficiency in plant tissues include growth limita-
tion and changes in gene expression patterns, leading to the
synthesis and activation of new metabolites and proteins
(Farrant et al. 1996; Shinozaki and Yamaguchi-Shinozaki
1997; Cellier et al. 1998; Rizhsky et al. 2002). Moreover,
the biosynthesis of non-structural carbohydrates may be
modified, and these compounds are involved in the most
basic physiological processes i.e. photosynthesis, transport
and respiration (Madore 1990). Fruits and seeds seem to be
little affected, probably because they are characterized by
high growth activity and therefore they are very efficient
sinks, capturing most of the transported assimilates stream
(Kiihn et al. 1997; Haritatos et al. 2000). However, certain
changes in seed developing during drought conditions are
visible and seed yield is the most evident of these (Frede-
rick et al. 2001; Moinuddin and Khanna-Chopra 2004).
Among soluble carbohydrates sucrose plays potentially the
most important role in plant adjustment to drought stress
(Keller and Ludlow 1993). In addition to being the trans-

port form of carbon, sucrose sustains the liquid crystal/gel
balance of membrane phospholipids and prevents structu-
ral changes in proteins. Unlike sucrose, the role of mono-
saccharides in drought resistance is ambiguous. They are
respiratory substrates fuelling metabolic energy conver-
sions. On the other hand, accumulation of monosacchari-
des may be harmful for the cells as these compounds can
take part in protein glycosylation, the so called Mail-
lard’s reaction (Koster and Leopold 1988).

Accumulation of cyclic carbohydrates (cyclitols) during
drought allows osmotic adjustment of plants (Wanek and
Richter 1997). Cyclitols accumulation in the vacuoles re-
duces water potential of the cells and facilitates water upta-
ke from the environment. Furthermore, cyclitols protect
plants from photo-inhibition and free radicals (Orthen et al.
1994). Similarly, raffinose is accumulated in vegetative tis-
sues during drought (Taji et al. 2002). Although functions
of raffinose family oligosaccharides in development of
drought stress resistance have not been sufficiently eluci-
dated, it can be suspected that they are quite significant.
They enhance seed tolerance to desiccation (Obendorf
1997) and induce seed acclimatisation to low temperature
(Bachmann et al. 1994).
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In this study, reactions of seeds of two lupin species to
drought stress were investigated. Genus Lupinus consists
of species occurring both in the Old and New World. In the
Old World there are 12 known perennial species constitu-
ting two separate groups: (1) Scabrispermae-rough seeded,
including Lupinus pilosus and (2) Malacospermae-smooth
seeded, including Lupinus luteus (Gladstones 1998).

The aim of the study was to determine the effect of drou-
ght on dynamics of accumulation and content of soluble
carbohydrates (cyclitols, galactosyl cyclitols and raffinose
family oligosaccharides) in the embryos of Lupinus pilosus
and Lupinus luteus. In this way we wanted to see if the dif-
ferences in seed coat structure, mentioned above (rough-
ness/smoothness), are accompanied by different physiolo-
gical characteristics of embryos.

MATERIALS AND METHODS

Yellow lupin (Lupinus luteus cv. Juno) and Lupinus pilo-
sus plants were grown in 10-L pots in a greenhouse with

a 12-h photoperiod at 23°C day/18°C night and 140 pmol
photons m2s7! irradiance. Mixture of peat, garden soil and
sand (1:1:1, v/v/v) was used as substrate for plant growth.
Until the day of flowering the plants were regularly wate-
red to keep the relative soil humidity (RSH) at the level of
80%. On the day of flowering the plants were labelled and
divided into two groups: one was regularly watered as in
previous days and in the second — the drought treatment —
30% RSH was obtained by limited watering. RSH was de-
termined with an electronic soil humidity meter (IRE moi-
sture meter UP-PRL-279462, Poland). Embryos were col-
lected in five-day intervals, starting from 15 days after flo-
wering (DAF) until full physiological seeds maturity. Ger-
mination ability and dry mass of the seeds were estimated
according to ISTA (1996).

Cyclitols, galactosyl cyclitols and soluble sugars con-
tents were analysed by GC chromatography according to
the method of Piotrowicz-Cieslak (2005). Embryos (30-60
mg fresh mass) were homogenised in ethanol: water, 1:1
(v/v) containing 300 pg phenyl-o-D-glucose as internal
standard. The homogenate and the rinse were combined in

TABLE 1A. Changes in visual characteristics of Lupinus pilosus seed maturing under different water availability; D — drought, C — control; all seeds

shown in the same scale.

Stage I — early Stage I — late

Stage I1 Stage III — early Stage III — late

Days

after k
flowering %

Frequency of seeds developed to the above stages (%)

D C D C D C D C D C
15 100 100
20 10 80 90 20
25 60 60 40 40
30 10 60 60 40 30
35 30 40 60 50 10 10
40 20 10 40 50 40 40
45 20 40 60 60 20
50 60 100 40
55 100 100
60 100

TABLE 1B. Changes in visual characteristics of Lupinus luteus seed maturing under different water availability; D — drought, C — control; all seeds shown

in the same scale.

Stage [ — early Stage I — late

Stage IT Stage III — early Stage III — late

Days

after
flowering ‘ S b

Frequency of seeds developed to the above stages (%)

D C D C D C D C D C
15 100 100
20 75 90 25 10
25 40 60 50 40 10
30 30 60 70 40
35 50 100 50
40 100 100
45 100 100
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a 1.5-ml microfuge tube, heated at 75°C for 30 min to inac-
tivate endogenous enzymes and centrifuged at 15 000 g for
20 min. The supernatant was passed through a 10 000 MW
cut-off filter (Lida, Kenosha, WI USA). Aliquots of 0.3 ml
filtrate were transferred to silylation vials and evaporated
to dryness under a stream of nitrogen. Residues were kept
overnight over phosphorus pentoxide in a desiccator. Dry
residues were derived with 300 pl of silylation mixture (tri-
methylsilylimidazole: pyridine, 1:1, v/v) in silylation vials
(Supelco) at 70°C for 30 min and then cooled at room tem-
perature. One pl carbohydrate extract was injected into
a split-mode injector of a Shimadzu GC-14A gas chroma-
tograph equipped with flame ionisation detector and Shi-
madzu C-ROA integrator. Soluble carbohydrate were ana-
lysed on a DB-1 capillary column (15 m length, 0.25 mm
ID, 0.25 pm film thickness, J&W Scientific). Soluble car-
bohydrates were identified with internal standards as avai-
lable and calculated from the ratios of peak area for each
analysed carbohydrate to the peak area of respective inter-
nal standard.

Quantities of soluble carbohydrates were expressed as
mean = SD for 3-5 replications of each treatment. Dry and
fresh embryo mass were also examined.

RESULTS

General characteristics of maturing seeds

Seeds analysed differed in terms of the seed coat type, si-
ze and fresh mass, depending both on lupin species and
maturation conditions. Mature L. pilosus seeds were cha-
racterized by rough coat, large seed size (above 10 mm),
dark pigmentation (Table 1A) and high fresh mass (523
mg, Fig. 1). Mature L. [uteus seeds featured smooth coat,
size up to 5 mm (Table 1B) and average fresh mass of 136
mg (Fig. 1). Drought clearly affected the accumulation of
fresh mass in maturing seeds of both species. At the ear-
liest stage of embryo maturation drought stress accelerated
this process (Fig. 1). Later, this trend was reversed and at
full physiological maturity the fresh mass of L. luteus em-
bryos developing under optimum water conditions was hi-
gher by 35-36% compared to embryos of this species af-
fected by drought. In L. pilosus the rate of maturation was
also affected by drought stress. Under control conditions,
seeds of this species reached full physiological maturity 60
days after flowering (DAF), whereas seeds subjected to
drought stress matured at 55 DAF. In contrast, in L. [uteus
seeds the drought stress did not change the rate of matura-
tion — full maturity was observed at 45 DAF in both con-
trol and drought stressed seeds.

Considering the fresh/dry mass accumulation, it was po-
ssible to distinguish three stages of seed maturity in both
species (Fig. 1). At the first stage (15-25 DAF in Lupinus
luteus and 15-30 DAF in Lupinus pilosus), parallel to a ra-
pid accumulation of fresh mass, a slow increase of dry
mass was observed. The second stage was characterised by
a sudden decrease of fresh mass, indicative of transition to
a state of natural desiccation and dynamic accumulation of
dry mass (Fig. 1). This stage of maturation occurred at 30-35
DAF and 35-50 DAF in Lupinus luteus and in L. pilosus,
respectively. At the third stage of maturation (40-45 in L.
luteus and 50 to 60 in L. pilosus) seed dry mass continued
to increase, although at lower rate (Fig. 1).
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Fig. 1. Seed fresh mass (A), testa fresh mass (B) and seed dry mass (C)

during growth and maturation. Data points represent the means = SD for

fifteen replicate samples.

Lupinus luteus (O) — Control; (@) — Drought stressed

Lupinus pilosus (O) — Control; (M) — Drought stressed

Under drought stress, seeds of L. luteus attained their
maximum fresh mass (365 mg/seed) at 25 DAF, whereas
seeds maturing under control conditions reached their ma-
ximum fresh mass (330 mg/seed) at 35 DAF. In L. pilosus
the maximum fresh mass of seeds maturing under drought
stress was 1222 mg/seed and in those maturing under con-
trol conditions 1048 mg/seed, and both maximum values
were recorded at 40 DAF. In the course of maturation se-
eds lost green colour, and this transition occurred in L. [u-
teus between 25 and 35 DAF and in L. pilosus between 35
and 45 DAF (Table 1A and 1B).

Soluble carbohydrates of lupin embryos

Maturing embryos of L. luteus and L. pilosus contained
soluble carbohydrates including: monosaccharides (fructo-
se, glucose, galactose), sucrose, raffinose family oligosac-
charides (raffinose, stachyose, verbascose), cyclitols (myo-
inositol, D-chiro-insitol, D-pinitol) and galactosyl cyclitols
(galactinol, digalacto-myo-inositol, galactopinitol A, ciceri-
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Fig. 2. Effects of drought on oligosaccharides (raffinose, stachyose and verbascose) contents of maturing embryos. Data points represent the means = SD

of five measurements.
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Fig. 3. Effects of drought on monosaccharides (fructose, glucose and galactose) content of maturing embryos. Data points represent the means + SD of fi-

ve measurements.

Lupinus luteus (O) — Control; (@) — Drought stressed; Lupinus pilosus (O) — Control; (M) — Drought stressed

tol, trigalactopinitol A, galactopinitol B, digalactopinitol
B and trigalactopinitol B). Total content of soluble carbo-
hydrates at full morphological maturity of L. luteus was
142 mg/g d.m. and 220 mg/g d.m for control and drought
treatment, respectively. Similarly, L. pilosus seeds matured
under control and drought conditions contained 130
mg/g d.m. and 184.5 mg/g d.m. total carbohydrates, re-
spectively.

The main soluble carbohydrates of mature embryos in
both L. luteus and L. pilosus were raffinose family oligo-
saccharides (RFO), among which stachyose dominated
(Fig. 2). Stachyose accumulation in both species occurred
during the second stage of seed maturation (natural desic-
cation). Raffinose and verbascose accumulation followed
a similar temporal pattern as stachyose. Mature embryos of
L. luteus grown under control conditions contained 8.86
mg/g d.m. raffinose, 49.2 mg/g d.m. stachyose and 42.1
mg/g d.m. verbascose. Embryos of L. pilosus contained at
full maturity less raffinose, stachyose and verbascose —
7.75,43.1, 22.98 mg/g d.m., respectively. Drought resulted
in an increase of RFO content of L. luteus embryos by abo-
ut 50%. In L. pilosus embryos maturing under drought
stress RFO reached similar or slightly lower level compa-
red to embryos matured under control condition (Fig. 2).

At the beginning of seed maturation (15 DAF) in embry-
os of both L. luteus and L. pilosus high contents of mono-

saccarides were observed (Fig. 3). In the course of further
maturation of L. [uteus embryos, fructose, glucose and ga-
lactose contents decreased. In L. pilosus embryos the levels
of fructose and glucose decreased, while the amount of ga-
lactose increased until 30 DAF and levelled off thereafter.
At full physiological maturity the embryos, both control
and drought-affected, contained trace amounts of those su-
gars (Fig. 3).

Among galactosyl cyclitols, two groups of metabolites
(myo-inositol series and D-pinitol series) were observed in
mature embryos of examined species (Fig. 4). Galactinol
accumulation increased at 30 DAF (L. luteus) and 40 DAF
(L. pilosus). Embryos of Lupinus luteus seeds grown under
soil drought conditions had significantly higher content of
galactinol than control embryos.

Galactosyl cyclitols were present in cultivated lupin em-
bryos in small quantities 8.58 mg/g d.m. and 8.08 mg/g
d.m. under control and drought conditions, respectively
(Fig. 4). In L. pilosus besides RFO, galactosyl cyclitols we-
re the main carbohydrates in mature embryos. The contents
of galactosyl cyclitols were 33.9 mg/g d.m. and 67.3
mg/g d.m. in control and drought conditions, respectively.

During development and maturation of embryos in both
species, an intense accumulation of sucrose occurred (Fig. 4).
In control embryos maximum sucrose content was 46.91
mg/g d.m. (30 DAF) in L. luteus and 83.9 mg/g d.m. (40
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DAF) in L. pilosus. In drought-affected embryos of both spe-
cies the maximum sucrose contents were higher (Fig. 4).
Seed maturation resulted also in quantitative changes of
cyclitols in embryo tissues. At the beginning (15 DAF) D-pi-
nitol and myo-inositol occurred in high and similar quanti-
ties (approx. 20 mg/g) in control embryos of L. luteus and
L. pilosus (Fig. 5). With seed maturation the levels of these
metabolites declined gradually. Drought distinctly raised
the initial levels of D-pinitol and myo-inositol in L. pilosus

15 20 25 30 35 40 45 50 55 60

Lupinus luteus (O) — Control; (@) — Drought
stressed; Lupinus pilosus (O) — Control; (H)
— Drought stressed

embryos, although it did not change their gradual decline
parallel to maturation. In L. luteus embryos subjected to
drought, D-pinitol concentration increased until 30 DAF,
then levelled off. The amount of myo-inositol in these em-
bryos changed in a similar pattern as in control embryos,
although it was higher, particularly at the beginning of ma-
turation. D-chiro-inositol occurred in all studied seeds in
trace amounts only.
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Lupinus luteus (O) — Control; (@) — Drought stressed; Lupinus pilosus (O) — Control; (M) — Drought stressed

DISCUSSION

Seed chemical composition can be modified by various
environmental factors. Drought enhances the accumulation
of osmoprotective compounds in plant tissues, i.e. amino
acids, betains, and carbohydrates including RFO, cyclitols
and their galactosyl derivatives (Sun and Leopold 1993;
Carpenter and Crowe 1989; Ramanjulu and Bartels 2002).
It is believed that two factors are important for osmopro-
tective functions of carbohydrates: high number of hydro-
xyl groups and molecular mass (the higher, the better pro-
tection). The hydroxyl groups of carbohydrates bind polar
groups of lipids and dissociate the intermolecular van der
Vaals bonds and separate lipid chains. As a result, they ke-
ep the cell membrane fluid even at a very low level of hy-
dration and low temperature (Crowe et al. 1996). Carbohy-
drates may lower the temperature of phase transition in li-
pids by binding them and increasing their molecular mass
(Cacela and Hincha 2006), although it is not precisely clear
how this binding should occur (Buitink et al. 2000). Verba-
scose, trigalactopinitol A and B, and stachyose are among
lupin osmoprotectants with the highest molecular mass
(828 Da for verbascose), moreover verbascose contains
particularly many hydroxyl groups (seventeen). Neverthe-
less, trehalose (containing only 8 hydroxyl groups and ha-
ving the molecular mass 2.5 times lower than verbascose)
was reported to be the most effective carbohydrate osmo-
protectant (Crowe et al. 1984). However, lupin embryos do
not accumulate trehalose, so its role must be played by su-
crose or stachyose and other osmoprotectants. A hypothe-
sis was put forward that plant cells, in order to well tolerate
the desiccation, should contain sucrose at 10-15% dry mass
or at the level of 5 g per gram lipids (Bianchi et al. 1993).
However, the results of this paper do not corroborate this
hypothesis. Lupin embryos contain sucrose at the level not
exceeding 3% dry mass (Fig. 4), and still they tolerate dro-
ught stress quite well. There are opponents of the above
hypothesis among other authors as well (Leopold et al.
1994; Sun 1997; Pammenter and Berjak 1999). As shown
in this paper, embryos of L. luteus accumulate high amo-
unts of stachyose during maturation, and drought further
raises the level of this metabolite (Fig. 2). Even a stronger

stimulation by drought was observed in raffinose assays,
though the absolute quantities of this metabolite were lo-
wer. In L. pilosus embryos, the contents of raffinose and
stachyose also increased parallel to maturation and dehy-
dration but they have always been much lower than in L.
luteus. On the other hand, L. pilosus accumulated much hi-
gher amounts of D-pinitol and its derivatives compared to
L. luteus. D-pinitol is considered an important osmoprotec-
tant in soybean (Streeter et al. 2001). As shown in this pa-
per, drought raises the amount of D-pinitol and its derivati-
ves rather than members of the myo-inositol series in both
L. luteus and L. pilosus embryos (Figs 4 and 5). However,
our results show that there is a clear difference in galacto-
syl cyclitols composition between L. pilosus and L. luteus
— galactopinitol A, ciceritol, trigalactopinitol A, galactopi-
nitol B, and digalactopinitol B occur at much higher levels
in the first of these species than in the other one (Fig. 4).
The protective role of RFO and Gal-C in developing se-
eds is probably not limited to regulating the cell osmotic
conditions. Oligosaccharide biosynthesis decreases the le-
vel of monosaccharides, and thus it limits the amount of re-
ducing compounds and free radicals generated by these.
Particularly, high levels of fructose, glucose and galactose
can promote the Maillard reactions (Wettlaufer and Leo-
pold 1991). The monoscaccharide levels in developing lu-
pin seeds decreased and drought has accelerated this pro-
cess (Fig. 3). Sucrose, RFO and galactosyl cyclitols readily
bind galactose, thus eliminating its toxic effects. Two pha-
ses may be distinguished in the galactose metabolism in lu-
pin seeds (Piotrowicz-Cieslak 2006). During the first stage
(until the natural seed desiccation) galactose is incorpora-
ted into the thickening cell walls. Lupin cell walls contain
galactans as well as arabinates, galactomannosides, rham-
nogalacturonides and galactoxyloglucans (Al-Kaisey and
Wilkie 1992). At the next stage (during and after desicca-
tion, in our experiments 35-40 DAF; Figs 1 and 3), galac-
tose is bound into RFO (this reaction dominates in L. [u-
teus) and galactosyl cyclitols (particularly in L. pilosus).
To summarise, we obtained data suggesting that the two
lupin species studied in this paper differ in their responses
to drought: RFO accumulation predominates in Lupinus lu-
teus and galactosyl cyclitols accumulation in L. pilosus.
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