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Abstract Research of the regulatory function of sucrose

in storage protein breakdown was conducted on isolated

embryo axes, excised cotyledons and whole seedlings of

three lupine species grown in vitro on medium with 60 mM

sucrose or without the sugar. Sucrose stimulated growth of

yellow, white and Andean lupine isolated embryo axes and

cotyledons but growth of seedlings was inhibited. Dry

matter content was higher in sucrose-fed isolated organs

and in seedling organs. Ultrastructure research revealed

that lack of sucrose in the medium caused enhancement in

storage protein breakdown. Protein deposits in cotyledons

were smaller as well as soluble portion content in all

studied organs was lower when there was no sucrose in the

medium. In the same conditions, the activity of glutamate

dehydrogenase was significantly higher. Increase in vacu-

olization of cells of white lupine root meristematic zone

cells was observed and induction of autophagy in young

carbohydrate-starved embryo axes is discussed.
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Introduction

Protein is the main storage compound in lupine seeds.

Yellow lupine seeds contain about 45% (Cerletti 1982),

white lupine up to 38% (Mohamed and Rayas-Duarte

1995) and Andean lupine 40–50% (Santos et al. 1997) of

dry matter. Lupine seeds contain two classes of proteins

which, according to Osborn’s classification, correspond to

the albumin and globulin fractions (Duranti et al. 2008).

Globulins dominate in lupine seeds. In yellow lupine they

might constitute up to 80% of the total seed protein content

(Gwóźdź 1988; Ratajczak et al. 1999). In white lupine

seeds, albumins to globulins ratio is about 1/9 (Duranti

et al. 2008) and in Andean lupine seeds this ratio is about

1/5 (Santos et al. 1997). Lupine seeds considerably differ

among species upon storage lipid content. Seeds of yellow

lupine contain about 6%, yellow lupine 7–14%, and in

Andean lupine seeds lipid content might reach about 20%

of dry matter (Borek et al. 2009). Mature lupine seeds

contain no starch (Borek et al. 2006, 2011a; Duranti et al.

2008) and carbohydrates occur mainly as fiber (Hedley

2001).

In lupine seeds, storage protein is located in vacuoles of

cotyledons (Borek and Ratajczak 2002; Borek et al. 2006).

During seeds germination, storage protein serves as nitro-

gen and carbon skeleton sources for developing seedling.

Large amount of amino acids liberated from storage protein

is utilised in respiration (Ratajczak et al. 1996; Borek et al.

2001; Lehmann and Ratajczak 2008) or as glutamine and

asparagine are translocated into growing axes (Bewley and

Black 1994). One of the most abundant amino acid in

yellow lupine storage protein is glutamate the level of

which reaches 20–25% of amino acids content (Lehmann

and Ratajczak 2008). Glutamate is involved in GS/GOGAT

cycle (glutamine synthetase/glutamate synthase) in cytosol

or is oxidized by glutamate dehydrogenase in mitochon-

dria. Glutamate dehydrogenase oxidizes glutamate into

2-oxoglutarate and ammonium. 2-oxoglutarate might be

utilised in respiration in TCA cycle and ammonium is

translocated into cytosol where it is stored in asparagine
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trough the cooperative action of glutamine synthetase and

asparagine synthase (Lehmann and Ratajczak 2008; Borek

et al. 2011a). During yellow lupine seeds germination, high

accumulation of asparagine is observed. Asparagine con-

tent might reach up to 30% of the dry matter of seedling

embryo axes. Such high asparagine accumulation is a result

of detoxification of ammonium produced by glutamate

dehydrogenase. Ammonium might be produced as well by

urease which catalyzes decomposition of urea produced

during arginine breakdown (Borek et al. 2001) but arginine

makes up only 6–10% of amino acid content of yellow

lupine storage protein (Lehmann and Ratajczak 2008). The

crucial role of glutamate dehydrogenase in glutamate uti-

lization (catabolic action of enzyme) and amino acid con-

versions in germinating seeds of yellow lupine was

described in detail by Lehmann and Ratajczak (2008).

Nevertheless, glutamate dehydrogenase may also function

anabolically in the direction of glutamate biosynthesis

(from 2-oxoglutarate and ammonium). The catabolic and

anabolic direction of the enzyme action is considered as an

alternative and depends on carbon and ammonium condi-

tions (Lehmann et al. 2011).

During lupine seeds germination breakdown of storage

protein might be controlled by carbohydrate level in tis-

sues. Up to now, research of the regulatory function of

sugars in storage protein breakdown was conducted nearly

exclusively on yellow lupine and sucrose was taken under

consideration. Ultrastructural research of yellow lupine

germinating seeds showed that deposits of storage protein

were faster degraded in carbohydrate deficient conditions

(Borek and Ratajczak 2002; Borek et al. 2006) and the

significant increase in proteolytic activity was observed.

Enhancement in activity of exo- and endopeptidases was

noted already after 24 h of germination and was intensified

in successive days of growth (Borek and Ratajczak 2002).

Amino acids (including glutamate) derived from storage

protein breakdown were used as respiratory substrates and

utilization of amino acids was considerably enhanced in

sugar depletion conditions (Borek et al. 2001; Lehmann

et al. 2003). Activity (both catabolic and anabolic) of

glutamate dehydrogenase was higher in sucrose-starved

organs of yellow lupine seeds (Lehmann et al. 2003, 2010;

Borek and Nuc 2011). It is strongly recommended that

increase in glutamate dehydrogenase activity in carbohy-

drate depletion conditions in yellow lupine is caused by

enhanced gene expression. Such interpretation is based on

changes in the isoenzymatic pattern of glutamate dehy-

drogenase in yellow lupine embryo axes and on the results

of experiments using antibodies and inhibitors of RNA and

protein synthesis (Lehmann et al. 2003, 2010).

In the experiments described in this paper, seeds of three

lupine species were used. Lupine species were chosen in

such way that seeds chemical composition was clearly

diversified. Especially seeds of Andean lupine are inter-

esting because of simultaneous high content of storage

protein (40–50%) and storage lipid (about 20% of the seeds

dry matter). In germinating yellow lupine seeds which

contain only 6% of lipid, strong connections between

pathways of storage protein and storage lipid breakdown

occurs. During germination storage lipid is used as respi-

ratory substrate, but part of lipid-derived carbon skeletons

is used for amino acids biosynthesis. Asparagine, gluta-

mine and glutamate are the main amino acids synthesized

from lipid-derived carbon skeletons (Borek et al. 2003;

Borek and Ratajczak 2010). Moreover, when synthesis of

asparagine is disrupted (by L-methionine sulfoximine—an

inhibitor of glutamine synthetase), the increase in lipid

utilization is observed. This increase has been noted in

yellow, white and Andean lupine embryo axes and coty-

ledons but the most evident effect of asparagine synthesis

inhibitor has been detected in organs of Andean lupine, i.e.

lupine species seeds contain the highest amount of storage

lipid (Borek et al. 2011a). So, the main aim of the research

described in this paper was to check how sucrose regulates

storage protein breakdown during lupine seeds germination

and to check whether any differences in sucrose regulation

exist among this three lupine species. To define the regu-

latory function of sucrose in storage protein breakdown the

isolated embryo axes, excised cotyledons and seedlings of

yellow, white and Andean lupine were grown in vitro on

medium with 60 mM sucrose or without the sugar. Sucrose

in this concentration added to the medium causes signifi-

cant increase in soluble carbohydrate level in growing in

vitro lupine seed organs (Borek et al. 2006). Morphology

and ultrastructure were described, soluble protein content

was determined and activity of glutamate dehydrogenase

was assayed.

Materials and methods

Plant material

Yellow, white and Andean lupine seeds were surface-

sterilized in 0.02% HgCl2 for 10, 15 and 20 min (respec-

tively) and allowed to imbibe for 24 h at 25�C. Embryo

axes and cotyledons isolated from imbibed seeds, as well as

whole imbibed seeds deprived of their coats, were placed

on sterilized filter paper (Whatman no. 3) in sterile tubes

above Heller’s medium (Heller 1954) in two trophic vari-

ants: with 60 mM sucrose (?S) and without sucrose (-S).

Isolated embryo axes, excised cotyledons and seedlings

were cultured in vitro for 96 h in the dark at 25�C.

Experiments were conducted on isolated organs as well as

on seedling organs because it enabled to detect undesirable

effect of injury i.e. isolation of organs.
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Dry matter determination

Embryo axes and cotyledons of air dry and imbibed (24 h)

yellow, white and Andean lupine seeds as well as organs

grown in vitro for 96 h were dried in 105�C up to constant

mass (2 h for isolated embryo axes, 2.5 h for seedling axes

and 3 h for cotyledons). Dry matter (DM) was expressed as

percent of fresh weight (FW).

Preparation of tissues for transmission electron

microscopy (TEM)

Samples of white and Andean lupine seedling tissues

(parenchyma cells of cotyledon, cortical parenchyma cells

of hypocotyl and root tip) were fixed in a mixture of 2%

glutaraldehyde and 2% paraformaldehyde (Karnovsky

1965). Postfixation was conducted in 1% OsO4. The sam-

ples were stained in 2% aqueous solution of uranyl acetate.

Dehydration was performed in a series of acetone solu-

tions. The samples were embedded in epoxy resin of low

viscosity (Spurr 1969). Ultrathin sections were prepared

using Ultracut S Raichert, stained in 5% uranyl acetate and

0.5% lead citrate and observed under the transmission

electron microscope TEM-1200 Ex JEOL.

Soluble protein determination

Embryo axes and cotyledons of air dried and imbibed

(24 h) yellow, white and lupine seeds as well as organs

grown in vitro for 96 h were homogenized in 100 mM

Tris–HCl buffer, pH 7.0 (3 ml per 1 g of fresh weight). The

homogenate was centrifuged for 20 min at 22,0009g. Pro-

tein concentration in the supernatant was determined

according to Bradford (1976), with bovine serum albumin

used as a standard.

Glutamate dehydrogenase activity assay

The activity of glutamate dehydrogenase (NADH-GDH,

EC 1.4.1.2) was assayed according to Watanabe et al.

(1999) in cytosolic and mitochondrial fraction of Andean

lupine isolated embryo axes, excised cotyledons and

seedling axes and cotyledons grown in vitro for 96 h. The

plant material was homogenized in 50 mM phosphate

buffer (pH 7.5), supplemented with 300 mM mannitol and

1 mM EDTA. 2 ml of buffer were used for 1 g of fresh

weight. Differential centrifugation was used to separate the

cytosolic and mitochondrial fractions. The mitochondrial

suspension was collected with 0.1% Triton X-100. The

reaction mixture (1.5 ml) contained 100 mM of Tris–HCl

buffer (pH 8.0), 10 mM 2-oxoglutarate, 100 mM NH4Cl,

65 mM NADH, 30 mM CaCl2, and 50 ll of cytosolic or

mitochondrial fraction. Absorbance was measured at

k = 340 nm for 3 min in the spectrophotometer Ultrospec

4000 (Pharmacia Biotech).

Statistical analysis

The results are the mean ± SD of three independent

experiments each with two or three replications. Signifi-

cance of differences between mean values was determined

with Student’s t test. The statistical analysis was connected

only to assess the significance in the differences between

organs grown in vitro on medium containing 60 mM

sucrose (?S) and organs grown on medium without

sucrose (-S).

Fig. 1 Morphology of yellow lupine seedlings (a), isolated embryo

axes (b) and excised cotyledons (c) grown in vitro for 96 h on

medium with 60 mM sucrose (?S) or without the sugar (-S). X,

imbibed seeds (24 h) deprived of their coats (a) and isolated from

imbibed seeds axes (b) and cotyledons (c); plant material used for

preparing of in vitro culture. White bar 1 cm
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Results

Yellow, white and Andean lupine seedlings grown for 96 h

on medium with 60 mM sucrose (?S) were clearly smaller

than those grown on medium without sucrose (-S;

Figs. 1a, 2a, 3a, respectively). They were significantly

lighter too (FW; Table 1). Contrary to this, isolated embryo

axes grown on ?S medium were considerably longer

(Figs. 1b, 2b, 3b) and heavier (Table 1) than those sucrose-

starved (-S). Excised cotyledons did not exhibit clear

morphological changes between ?S and -S variant

(Figs. 1c, 2c, 3c); however, those fed with sucrose were

heavier than those grown on -S medium (Table 1). Dry

matter (DM) of seedling axes and cotyledons, isolated

embryo axes and excised cotyledons of three studied lupine

species was higher in organs grown on ?S than -S med-

ium (Table 1).

The effect of sucrose on ultrastructure of yellow lupine

seedlings was previously described in detail by Borek et al.

(2006). Changes caused by sucrose in ultrastructure of

isolated embryo axes and excised cotyledons of three

investigated lupine species were described previously as

well (Borek et al. 2011a). So in this paper, ultrastructure of

only white and Andean lupine seedlings is presented.

White lupine seedlings fed with sucrose (?S) contained in

cotyledons much more storage protein than those grown on

Fig. 2 Morphology of white lupine seedlings (a), isolated embryo

axes (b) and excised cotyledons (c) grown in vitro for 96 h on

medium with 60 mM sucrose (?S) or without the sugar (-S). X,

imbibed seeds (24 h) deprived of their coats (a) and isolated from

imbibed seeds axes (b) and cotyledons (c); plant material used for

preparing of in vitro culture. White bar 1 cm

Fig. 3 Morphology of Andean lupine seedlings (a), isolated embryo

axes (b) and excised cotyledons (c) grown in vitro for 96 h on

medium with 60 mM sucrose (?S) or without the sugar (-S). X,

imbibed seeds (24 h) deprived of their coats (a) and isolated from

imbibed seeds axes (b) and cotyledons (c); plant material used for

preparing of in vitro culture. White bar 1 cm
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-S medium. It was reflected in almost fully filled vacuoles

with protein deposits. In -S cotyledons, storage protein

deposits were considerably smaller and their breakdown

was clearly advanced (Fig. 4a, b). In ?S cotyledons, oil

bodies were larger and clearly more numerous. Similarly,

starch granules were larger and more numerous (Fig. 4a,

b). Moreover, cell wall was slightly ticker in ?S cotyle-

dons. Differences in cells of hypocotyl were mainly limited

to appearance of many plasma membrane round structures

inside the large central vacuole in -S organ (Fig. 4c, d)

and to decreasing cell wall thickness (Fig. 4c, d). In

hypocotyl cells, there were no deposits of storage protein,

oil bodies and starch granules. In the cells of root meri-

stematic zone, the deposits of storage protein were not

visible but oil bodies and starch granules were present

(Fig. 4e, f). Similar to cotyledon cells, oil bodies and starch

granules were larger and more numerous in ?S seedlings

(Fig. 4c, d). In cells of this zone, in -S seedlings a sig-

nificant increase in vacuolization level was observed

(Fig. 4e, f). In root cap cells, large, numerous starch

granules (Fig. 4g, h) and small, few bodies were visible. In

root cap of ?S seedlings, large quantities of mucilage

(clearly fewer in -S) were noted (Fig. 4g, h). Changes

caused by sucrose in Andean lupine seedlings were similar

to those observed in white lupine seedlings. Larger deposits

of storage protein were observed in cotyledons of ?S

seedlings (Fig. 5a, b). In ?S cotyledons, oil bodies were

larger and clearly more numerous (Fig. 5a, b). In addition,

observations of ultrastructure of cotyledons showed dis-

tinctive differences in oil content in white and Andean

lupine seeds. Considerably, more oil bodies were in the

cotyledons of Andean lupine than in those of white lupine

seedlings (compare Figs. 4a, 5a). Starch granules were

small and not numerous (Fig. 5a), and no differences were

observed in their size and number between ?S and -S

seedlings. Cell wall was slightly thicker in ?S cotyledons.

In the cells of Andean lupine ?S seedling hypocotyls, there

were no deposits of storage protein (Fig. 5c), but, contrary

to the hypocotyls of white lupine, few oil bodies (Fig. 5c)

and small starch granules were visible. In -S hypocotyls,

oil bodies disappeared almost completely (Fig. 5d), and

starch granules were smaller and less numerous. In the cells

of root meristematic zone of ?S seedlings, small deposits

of storage protein, starch granules and oil bodies were

observed (Fig. 5e). In the cells of the same zone of -S

seedlings, storage protein and starch granules disappeared

(Fig. 5f), and a slight decrease in the number of oil bodies

was noted. Changes in root cap (Fig. 5g, h) were the same

as those observed in white lupine and were described

above.

Soluble protein content in all studied organs of the three

investigated lupine species decreased after 96 h of growth

(comparing to organs of imbibed seeds; Fig. 6). In addi-

tion, significantly lower level of soluble protein was noted

Table 1 Fresh weight (FW;

mg) and dry matter (DM; % of

fresh weight) content of single

organs of dry and imbibed seeds

(24 h) and organs grown in vitro

for 96 h on medium with

60 mM sucrose (?S) or without

the sugar (-S)

SD does not exceed 8%.

Statistical significance at

* p B 0.05 or at ** p B 0.01

Yellow lupine White lupine Andean lupine

FW DM FW DM FW DM

Dry seeds

Axe 3.1 91.3 6.6 92.3 6.1 95.7

Cotyledon 47.1 92.8 101.9 92.8 42.5 93.6

Imbibed seeds (24 h)

Axe 13.6 15.7 33.7 15.5 20.0 30.8

Cotyledon 111.1 36.7 211.0 38.5 100.4 37.6

Organs grown in vitro (96 h)

Seedling organs

Axe

?S 479.8 6.8 635.1 8.2 440.0 6.8

-S 542.0** 5.0 859.8** 6.3 489.5** 5.0

Cotyledon

?S 148.6 19.7 269.7 19.7 113.3 25.3

-S 150.4 17.8 281.7 18.0 117.4 23.9

Isolated organs

Axe

?S 101.4 6.4 146.1 7.1 114.9 7.3

-S 70.2** 4.4 121.6* 5.5 100.0* 5.5

Cotyledon

?S 155.0 27.8 300.6 33.1 139.1 30.2

-S 152.8 24.4 276.4* 29.7 119.6* 28.6
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in each of organs grown on medium without sucrose

(-S; Fig. 6).

The activity of glutamate dehydrogenase in Andean

lupine organs grown for 96 h was highest in the mito-

chondrial fraction. Its activity in the cytosolic fraction was

very low and reach maximum of about 4% of the mito-

chondrial activity (Fig. 7). Glutamate dehydrogenase

activity was significantly higher in each of the studied

organs grown on -S medium, both in cytosolic and

mitochondrial fractions (Fig. 7).

Discussion

The results of the experiments presented in this paper

clearly showed that carbohydrates play a very important

Fig. 4 Ultrastructure of white

lupine seedling cotyledons

(a, b), hypocotyl (c, d), root

meristem (e, f) and root cap

(g, h). Seedlings were grown in

vitro for 96 h on medium with

60 mM sucrose (?S; a, c, e,

g) or without the sugar

(-S; b, d, f, h). CW cell wall,

M mitochondrion, Mu mucilage,

OB oil body, S starch, SP
storage protein, V vacuole
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role as a regulator of metabolism of germinating seeds of

yellow, white and Andean lupine. First of all, sucrose

(60 mM) added to the medium of in vitro culture stimu-

lated growth of isolated embryo axes and isolated cotyle-

dons (Figs. 1b, c, 2b, c, 3b, c; Table 1), but growth of

seedlings was significantly inhibited by sucrose (Figs. 1a,

2a, 3a; Table 1). Dry matter content was smaller in each of

the studied organs grown on -S medium (Table 1).

Inhibitory effect of sugars on germination and seedling

growth has been already described in the literature.

Exogenous sucrose (20 mM) causes slight delay in ger-

mination of Arabidopsis seeds (Rylott et al. 2001) but in

higher concentration (330 mM) inhibits germination and

seedling growth (Laby et al. 2000). Similar effect is caused

by glucose which inhibits germination of seeds of Ara-

bidopsis, delays seedling development and significantly

Fig. 5 Ultrastructure of

Andean lupine seedling

cotyledons (a, b), hypocotyl

(c, d), root meristem (e, f) and

root cap (g, h). Seedlings were

grown in vitro for 96 h on

medium with 60 mM sucrose

(?S; a, c, e, g) or without the

sugar (-S; b, d, f, h). CW cell

wall, M mitochondrion, Mu
mucilage, OB oil body,

P plastid, S starch, SP storage

protein, V vacuole
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hinders mobilization of the main storage compound, i.e.

lipid (Gibson et al. 2001; To et al. 2002). Moreover, the

effect of glucose is not due to osmotic stress (To et al.

2002).

Data presented in this paper proved that mobilization of

storage compounds during lupine seeds germination was

controlled by sugar level in tissues. Carbohydrate levels

regulated the breakdown of not only main storage com-

pound, i.e. protein, but also storage lipid and starch as well.

Mature lupine seeds contain no starch, but it is accumu-

lated in high amount during seeds imbibition and is

mobilized during subsequent days of germination (Borek

et al. 2006). Depletion in carbohydrates in tissues caused

enhancement in storage compounds breakdown. Ultra-

structure research showed that in lupine seedlings grown on

medium without sucrose (-S), protein deposits were

smaller, oil bodies were less numerous and starch granules

were smaller or fewer. Those changes were very similar in

seedlings of all three investigated lupine species, i.e. yel-

low (Borek et al. 2006), white (Fig. 4) and Andean lupine

(Fig. 5). The content of soluble protein in each of the

studied organs of three lupine species was lower when

there was no sucrose in the medium (Fig. 6). During lupine

seeds germination, respiration is decreased in sugar-defi-

cient conditions (Morkunas et al. 2003; Borek et al. 2011a).

Decreasing respiration in carbohydrate exhausting condi-

tions has been observed also in other species, for example

in glucose-starved excised root tips of maize (Brouquisse

et al. 1991) or in sucrose-starved isolated embryo axes of

pea (Morkunas et al. 2000). In such circumstances, it is

very important to sustain respiration to ensure growth and

development of seedlings. In such conditions, storage

compounds and other cell components are faster degraded

to provide respiratory substrates (Brouquisse et al. 1991;

Yu 1999; Borek et al. 2001; Gonzali et al. 2006). One of

the convenient respiratory substrates, especially in legu-

minous plants, is amino acids. It has been proved that

amino acids (including glutamate) liberated from storage

protein are used as respiratory substrates in yellow lupine

(Ratajczak et al. 1996; Borek et al. 2001; Lehmann and

Ratajczak 2008) and amino acids utilization is enhanced in

sugar depletion conditions (Borek et al. 2001). Enhance-

ment in glutamate utilization is also observed in sucrose-

starved isolated embryo axes of pea (Morkunas et al.

2000). In sugar-depleted conditions in yellow lupine ger-

minating seeds, an increased activity of exo- and endo-

peptidases has been noted (Borek and Ratajczak 2002). An

increase in proteolytic activity during carbohydrate star-

vation has been also reported in the callus of Gerbera

(Tassi et al. 1992) and in maize root tips (James et al.

1993). An increase in the activity of proteolytic enzymes is

not solely related to the degradation of storage proteins but

also with process of autophagy. The increased activity of

proteolytic enzymes and the intensity of autolysis of

cytoplasmic proteins in the absence of sugars may be an

adaptation of cellular metabolism to ensure normal growth

and development of plants. Such phenomenon can be

observed in cell suspension of rice (Chen et al. 1994), cell

suspension of tobacco (Moriyasu and Ohsumi 1996) and in

cell suspension of sycamore (Journet et al. 1996). It is

highly possible that sucrose starvation caused autophagy in

lupine embryo axes as well. Such conclusion is based on

increased vacuolization of cells of root meristematic zone

(Fig. 4f). Increase in vacuolization indicates advanced
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Fig. 6 Soluble protein content in yellow, white and Andean lupine

embryo axes and cotyledons of dry and imbibed seeds (24 h) and in

organs grown in vitro for 96 h on medium with 60 mM sucrose (?S)

or without the sugar (-S). Small graphs are the magnification of

soluble protein content in seeding axes and isolated embryo axes

grown in vitro for 96 h. Statistical significance at p B 0.05 (*) or at

p B 0.01 (**)
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autophagy (Marty 1999), which is a mechanism for deg-

radation of cellular contents in order to recycle nutrients,

especially protein (Thomson and Vierstra 2005). In plants,

autophagy has been known to be important for nutrient

remobilization during sugar and/or nitrogen starvation

(Thomson and Vierstra 2005; Bassham 2007). Ultrastruc-

ture observations of root meristematic zone of lupine iso-

lated embryo axes have showed considerable increase in

vacuole number and size in sucrose-starved organs (Borek

et al. 2006, 2011a). Increase in vacuolization was observed

in root meristematic zone of seedling axes as well (Fig. 4f)

where endogenous carbon source exists (cotyledons). The

most evident increase in vacuolization was identified in the

cells of white lupine axes, both in isolated embryo axes

(Borek et al. 2011a) and in seedling axes (Fig. 4f). Other

proof for autophagy in plant cells is a decrease in phos-

phatidylcholine content (Aubert et al. 1996; Inoue and

Moriyasu 2006). Such decrease of this phospholipid has

been observed in sucrose-starved lupine axes as well

(Borek et al. 2011b). Issue concerning autophagy in lupine

embryo axes has been discussed more detailed in our other

papers (Borek et al. 2011a, b) and definitely needs further

research. It is worth to add here that respiration is

decreased in sugar-starved isolated embryo axes of yellow

lupine (Morkunas et al. 2003; Borek et al. 2011a) but

mitochondria are protected and not degraded (Morkunas

et al. 2003).

The lupine seeds are rich in storage protein and large

quantity of toxic ammonium is produced during its mobi-

lization and amino acids metabolism. Nitrogen in this form

is toxic (Britto and Kronzucker 2002) so its utilization is

necessary. One of the possibilities of detoxification of

ammonium is the synthesis of asparagine, content of which

in germinating lupine seeds may reach 30% of the dry

matter (Lehmann and Ratajczak 2008). Ammonium is

assimilated to asparagine in two steps. At first, glutamine is

synthesized in the reaction of the glutamate amination

catalyzed by glutamine synthetase and than glutamine is

transaminated with aspartate by asparagine synthetase. The

product of this reaction is asparagine (Lehmann and Ra-

tajczak 2008; Borek et al. 2011a). The main source of

ammonium during lupine seeds germination is glutamate

and its oxidative deamination catalyzed by glutamate

dehydrogenase (Lehmann and Ratajczak 2008). Ammo-

nium is produced in a catabolic action of glutamate

dehydrogenase. The enzyme might function also anaboli-

cally in opposite direction into glutamate synthesis from

2-oxoglutarate and ammonium. The reversibility of the

reaction catalyzed by glutamate dehydrogenase in vivo is

considered as an alternative and depends on carbon and
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ammonium status (Lehmann et al. 2011). Activity of glu-

tamate dehydrogenase in Andean lupine organs was

assayed in the anabolic direction (synthesis of glutamate),

because it is easier in vitro assays where the anabolic

activity is about three times higher than the catabolic

activity (Lehmann et al. 2011). Up to now, glutamate

dehydrogenase has been intensively studied in germinating

yellow lupine seeds (Ratajczak et al. 1996; Morkunas et al.

2000; Lehmann et al. 2003, 2010, 2011; Lehmann and

Ratajczak 2008). During germination of yellow (Morkunas

et al. 2000; Lehmann et al. 2003, 2010) and Andean

(Fig. 7) lupine seeds, the activity of glutamate dehydro-

genase was considerably higher in carbohydrate depletion

conditions (-S). It is highly possible that increase in

enzyme activity in both lupine species was caused by

enhanced gene expression. There are many literature data

proving that regulatory mechanism of sugar in plant

metabolism is based on modifications in gene expression

(Koch 1996; Gonzali et al. 2006; Rolland et al. 2006; Li

et al. 2006; Ramon et al. 2008; Smeekens et al. 2010). In

Arabidopsis seedlings, glucose (during 6 h of treatment)

stimulates or inhibits the expression of about 6.6% of all

genes (Li et al. 2006). Expression of the genes of glutamate

dehydrogenase in Andean lupine was not investigated but

in the literature it is strongly recommended that increase in

catabolic activity of enzyme in carbohydrate depletion

conditions is caused by enhanced gene expression. Such

interpretation is based on changes in the isoenzymatic

pattern of glutamate dehydrogenase in yellow lupine

embryo axes and on the results of experiments using RNA

and protein synthesis inhibitors (Morkunas et al. 2000;

Lehmann et al. 2003, 2010).

Summarizing data presented in this paper, it is possible

to conclude that carbohydrates play an important role in the

regulation of metabolism of germinating yellow, white and

Andean lupine seeds. Sucrose regulated growth and

development of lupine seedling (as well as isolated organs)

and control mobilization of storage compounds. Under

conditions of carbohydrate depletion in tissues, enhance-

ment in storage protein breakdown was observed. Regu-

lation of storage protein mobilization by sucrose during

lupine seeds germination was similar in all three investi-

gated species and the results described herein are consistent

with the results of research conducted on non-leguminous

plants. However, induction of autophagy in carbohydrate-

starved tissues of young embryo axes of germinating lupine

seeds is a very interesting issue that needs further research.
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