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Abstract Regulation of starch accumulation in yellow

(Lupinus luteus L.), white (L. albus L.), and Andean lupin

(L. mutabilis Sweet) developing and germinating seeds was

investigated. Research was conducted on cotyledons iso-

lated from developing seeds as well as on organs of ger-

minating seeds, that is, isolated embryo axes, excised

cotyledons, and seedling axes and cotyledons. All organs

were cultured in vitro for 96 h in different carbon (60 mM

sucrose) and nitrogen (35 mM asparagine or 35 mM

nitrate) conditions. Ultrastructure observation showed one

common pattern of changes in the number and size of

starch granules caused by sucrose, asparagine, and nitrate

in both developing and germinating seeds. Sucrose

increased the number and size of starch granules. Aspara-

gine additionally increased starch accumulation (irrespec-

tive of sucrose nutrition) but nitrate had no effect on starch

accumulation. Asparagine treatment resulted in a signifi-

cant decrease in soluble sugar level in all organs of ger-

minating lupin seeds of the three species investigated. The

above-mentioned changes were most clearly visible in

white lupin organs. In white lupin, starch granules were

visible even in cells of sucrose-starved isolated embryo

axes where advanced autophagy occurs. The importance of

asparagine-increased starch content in the creation of a

strong source–sink gradient in developing and germinating

lupin seeds is discussed.
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Introduction

Mature and dry lupin seeds do not contain starch (Hedley

2001; Borek and others 2006, 2011; Duranti and others

2008). However, starch is transiently accumulated in

developing lupin seeds (Pinheiro and others 2005; Borek

and others 2009) and disappears during seed maturation. A

very similar transient starch accumulation is also observed

in developing Medicago truncatula (Djemel and others

2005), Brassica napus (Da Silva and others 1997), and

Arabidopsis oil seeds (Hills 2004; Baud and others 2008).

Carbohydrate content in mature lupin seeds is about

36.5 % and the basic carbohydrates are oligosaccharides

and fiber (Hedley 2001). In contrast to lupin seeds, starch

content in mature pea seeds may reach 50 % of dry matter

(Gallardo and others 2008). The main storage compound in

mature lupin seeds is protein, especially globulins called

conglutins (Ratajczak and others 1999). Protein content in

lupin seeds may reach up to 50 % of dry matter (Borek and

others 2012a), whereas lipid level in lupin seeds may vary

from a few to about 20 % (Borek and others 2009, 2012b).

The storage compounds in developing legume seeds

accumulate mainly in cotyledons (Borisjuk and others

2003; Duranti and others 2008; Borek and others 2011).

They are synthesized from sugars (mainly sucrose) and

amino acids (mainly glutamine and asparagine) provided

by the mother plant to the embryos (Weber and others

2005; Allen and others 2009). Asparagine is the main form

of transported nitrogen in many legume plants. In devel-

oping soybean seeds, asparagine content may reach

33–49 % of the free amino acid pool and may be a deter-

minant of storage protein content. The positive correlation

between asparagine and storage protein content has been

confirmed in soybean seeds (Hernández-Sebastià and others

2005). Asparagine stimulates synthesis of polypeptides in

S. Borek (&) � A. Galor � E. Paluch

Department of Plant Physiology, Adam Mickiewicz University,

ul. Umultowska 89, 61-614 Poznań, Poland
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developing yellow lupin seeds as well (Ratajczak and

others 1988, 1996). The elevation of storage protein

accumulation by asparagine in developing lupin seeds

simultaneously causes a decrease in storage lipid content

(Borek and others 2009). The strong negative relationship

between storage protein and lipid accumulation is typical

for legume seeds and has been confirmed many times,

especially in soybean seeds (Wilcox and Shibles 2001;

Chung and others 2003; Hernández-Sebastià and others

2005). Asparagine also plays a crucial role during lupin

seed germination. The main respiratory substrates in tissues

of germinating lupin seeds are amino acids which can

result in the generation of large quantities of ammonia.

Because ammonia is toxic, it is accumulated in asparagine.

The level of this amino acid during yellow lupin seed

germination may reach up to 33 % of organ dry matter.

Moreover, during lupin symbiosis with Rhizobium, the

assimilated dinitrogen is provided to the plant as aspara-

gine (Lehmann and Ratajczak 2008).

Contrary to asparagine, nitrate is not a favorable nitro-

gen source for developing lupin seeds. Generally, nitrate

does not affect storage globulin synthesis and accumulation

in yellow lupin (Ratajczak and others 1988, 1996). In white

lupin, nitrate has a negative effect on seed yield, globulin

accumulation, total nitrogen (Ciesiołka and others 2008),

and total carbohydrate (Ciesiołka and others 2005) content

in seeds. However, the albumin level in white lupin seeds

can be elevated by nitrate (Ciesiołka and others 2008).

Experiments conducted on yellow, white, and Andean

lupin developing cotyledons have shown that nitrate has a

positive effect on protein and lipid level (Borek and others

2009).

Sucrose has dual functions in plant tissues. First, it is a

nutrient sugar and carbon transport form. Second, it is an

important regulatory agent that controls plant metabolism

through regulation of gene expression. The regulatory

function of sucrose and glucose has been studied exten-

sively for many years and has been described in detail in

many review papers (for example, Smeekens and others

2010). Sucrose regulates lupin seed metabolism as well. It

has been shown that sucrose enhances protein and lipid

accumulation in developing lupin cotyledons (Borek and

others 2009). Sucrose inhibits seedling growth, but growth

of isolated embryo axes is stimulated (Borek and others

2012a). Sucrose controls mobilization of storage protein

during lupin seed germination. Carbohydrate deficiency in

tissues enhances storage protein breakdown (Borek and

others 2006) and stimulates the activity of proteases (Borek

and Ratajczak 2002), glutamate dehydrogenase (Lehmann

and Ratajczak 2008; Borek and others 2012a), and aspar-

agine synthetase (Lehmann and Ratajczak 2008) or the

activity of enzymes involved in arginine catabolism (Borek

and others 2001). Sucrose also controls breakdown of

storage lipid during lupin seed germination (Borek and Nuc

2011; Borek and others 2012b). The regulatory function of

sucrose in starch metabolism in developing and germinat-

ing lupin seeds is not well understood. Up to now it was

known only that sucrose increases starch content in embryo

axes and cotyledons of germinating yellow lupin seeds

(Borek and others 2006).

Because lupin seeds are protein-rich seeds, the majority

of research is related to metabolism of this storage com-

pound. Data concerning starch metabolism in lupin seeds is

vestigial. In this article, research on the regulatory function

of sucrose, asparagine, and nitrate in starch metabolism in

developing and germinating lupin seeds is described.

Experiments were conducted on three lupin species that

differ significantly in the chemical composition of seed

storage reserves. Seeds of yellow lupin contain about 45 %

of storage protein and only about 6 % of storage lipid.

Opposite to yellow lupin seeds are Andean lupin seeds

which contain similar amounts of storage protein

(40–50 %) but the storage lipid level is considerably higher

and reaches about 20 %. White lupin seeds contain the

lowest amount of storage protein (up to 38 %), whereas the

amount of lipid is intermediate (7–14 %) (Borek and others

2012a, b). The current research addresses two main ques-

tions. First, how do asparagine and nitrate (organic and

inorganic nitrogen forms, respectively) regulate starch

content in developing and germinating lupin seeds, and,

second, is this regulation dependent on the content of other

storage compounds in lupin seeds? Ultrastructural obser-

vations of starch granules in sink organs of developing

(cotyledons) and germinating (embryo axes) yellow, white,

and Andean lupin seeds cultured in vitro in different carbon

(sucrose) and nitrogen (asparagine or nitrate) nutrition

were performed. Also, starch and soluble sugar contents

were determined in embryo axes and cotyledons of ger-

minating yellow, white, and Andean lupin seeds cultured

in vitro in different carbon and nitrogen conditions.

Materials and Methods

Plant Material

Developing Seeds

Plants of yellow lupin (Lupinus luteus L.) cv. Juno, white

lupin (L. albus L.) cv. Butan, and Andean lupin (L. muta-

bilis Sweet) were grown on experimental fields of the Plant

Breeding Station Smolice Division in Przebędowo (Poland)

in two subsequent growing seasons. According to mor-

phological and cytological classifications, five stages

(denoted as I–V) can be distinguished during lupin seed

development (Woźny and others 1984; Ratajczak 1986;
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Borek and others 2009). Briefly, in stages I and II, endo-

sperm is present in liquid form (stage I) or in the form of a

gelatinous lump (stage II). In stage III, seeds are light

green, the endosperm disappears, and a dark green embryo

fills the entire interior of the seed. In stage IV, seeds are at

their biggest, the embryo is a little less green than in the

preceding stage, and the embryo axis is beginning to turn

yellow. Small pronounced brown spots appear on the seed

coat (except for white lupin seeds). In stage V, seeds are

desiccated, the embryo axis is yellow, and cotyledons are

light green/yellow. Brown spots (mottling) are clearly

visible on the yellow and Andean lupin seed coat. For the

experiments described in this article, pods containing seeds

at developmental stage III were collected. In this stage,

starch granules are clearly visible in cotyledons and storage

protein is accumulated at a low level, but the storage lipid

content represents 45–50 % of the maximal level of that

observed in mature, dry seeds (Borek and others 2009).

Developing pods were collected from experimental fields

and were surface-sterilized by a 30-s immersion in 96 %

(v/v) ethanol and 20 min in 0.2 % HgCl2. Pods were finally

washed five times with sterile distilled water. Seeds at

developmental stage III were isolated from the pods. Next,

cotyledons were separated from embryo axes and used for

ultrastructure observations and for in vitro culture prepa-

ration. Excised cotyledons were placed in 10-cm Petri

dishes containing 11 ml of Heller medium (Heller 1954)

with 60 mM sucrose (?S) or without sucrose (-S). Each

medium was additionally enriched with 35 mM asparagine

(?Asn) or 35 mM NaNO3 (?NO3
-). Asparagine solutions

were sterilized through 0.22 lm Millipore filters before

being added to autoclaved media. The cotyledon in vitro

cultures were maintained at a stable temperature of 25 �C

and a constant illumination of 75 lM light quantum

m-2 s-1. After 96 h of culture, cotyledons were used for

ultrastructure observations.

Mature and Germinating Seeds

Yellow, white, and Andean lupin mature, dry seeds were

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

respectively, washed five times with sterile, distilled water,

and allowed to imbibe in the dark for 24 h at 25 �C.

Embryo axes and cotyledons isolated from imbibed seeds,

as well as whole imbibed seeds with their coats removed,

were placed on sterilized filter paper (Whatman No. 3) in

sterile tubes above Heller medium (Heller 1954) with

60 mM sucrose (?S) and without sucrose (-S). Each

medium was additionally enriched with 35 mM asparagine

(?Asn) or 35 mM NaNO3 (?NO3
-). Asparagine solutions

were sterilized by passing them through 0.22-lm Millipore

filters before being added to autoclaved media. Isolated

embryo axes, excised cotyledons, and seedlings were cul-

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

Preparation of Tissues for Transmission Electron

Microscopy (TEM)

Ultrastructure observations were conducted in parenchyma

cells of the central part of developing cotyledons isolated

from seeds at developmental stage III and in developing

cotyledons cultured in vitro for 96 h in different carbon and

nitrogen nutrition regimes. Among organs of germinating

seeds, the ultrastructure of the root meristematic zone of

cultured in vitro isolated embryo axes was investigated.

Tissues were prepared according to Borek and others (2006).

Tissue samples were fixed in a mixture of 4 % glutaralde-

hyde and 4 % paraformaldehyde (1/1 v/v), postfixed in 1 %

OsO4, and stained in 2 % uranyl acetate. Low-viscosity

Spurr’s (1969) epoxy resin was used. 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).

Determination of Soluble Sugars and Starch

Carbohydrate content was measured in embryo axes and

cotyledons of dry and imbibed seeds as well as in isolated

embryo axes, excised cotyledons, and seedling axes and

cotyledons cultured in vitro for 96 h. The method of Oleksyn

and others (1997) adapted to lupin tissues and described in

detail by Borek and others (2006) was used. Briefly, soluble

sugars were extracted three times from dried and powdered

plant samples (20 mg) with a mixture of methanol, chloro-

form, and water (60/25/15 v/v/v). Concentration of soluble

sugars were determined at k = 625 nm using anthrone as

reagent. Soluble sugar content was read from a standard

curve made for glucose solutions (40–280 mg l-1). Starch

content was also measured in the above-mentioned samples

after soluble sugar extraction and was expressed as glucose

concentration after starch hydrolysis by amylglucosidase

from Aspergillus niger (Sigma-Aldrich). Concentration of

glucose in starch hydrolyzates was measured at k = 450

using GAGO-20 kit (Sigma-Aldrich). Glucose content was

determined from the standard curve made for glucose

solutions (40–280 mg l-1).

Statistical Analysis

Ultrastructural observations of developing cotyledons were

performed in two subsequent growing seasons. Ultra-

structure of isolated embryo axes was repeated twice (two

separate in vitro culture experiments). Data concerning

soluble sugars and starch content are the means of two to
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three replicates ± SD. The results were subjected to

ANOVA statistical analysis and Tukey’s HSD multiple-

range test by using Statistica 10.0 software (StatSoft, Inc.,

Tulsa, OK).

Results

Developing Seeds

Large and numerous starch granules were observed in the

parenchyma cells of yellow, white, and Andean lupin

cotyledons that were isolated from developing seeds in

stage III (Fig. 1a, b, c, respectively). In each cell of yellow

lupin cotyledons, several amyloplasts were visible and

there were three to six small or large starch granules in

each amyloplast (Fig. 1a). In cotyledons of white and

Andean lupin, amyloplasts were as numerous as in yellow

lupin but contained usually individual, large starch gran-

ules (Fig. 1b, c, respectively). In Andean lupin cotyledons,

starch granules were less numerous and were the smallest

(Fig. 1c) compared to yellow and white lupin (Fig. 1a, b,

respectively).

Ultrastructure observations of yellow, white, and

Andean lupin cotyledons cultured in vitro for 96 h in dif-

ferent carbon (?/-S) and nitrogen (?Asn and ?NO3
-)

conditions showed some common changes that were

observed in all three investigated species. However,

because the clearest ultrastructural changes were visible in

white lupin cotyledons, electron micrographs for only this

species are presented (Fig. 2a–f). In yellow and white lupin

cotyledons cultured in vitro for 96 h on medium with

sucrose (?S), a slight decrease in the size of starch gran-

ules, compared to cotyledons isolated from developing

seeds, was observed. In Andean lupin, the decrease in size

was larger. In all three lupin species, a lack of sucrose in

the medium (-S) caused an additional decrease in the

number and size of starch granules compared to cotyledons

fed with sucrose (?S) (white lupin, Fig. 2a–f). Starch

granules almost completely disappeared in cotyledons of

yellow and Andean lupin cultured in -S media, irrespec-

tive of nitrogen (?Asn and ?NO3
-) nutrition. Asparagine

added to the media (?S?Asn and -S?Asn) caused a clear

increase (compared to ?S and -S cotyledons) in the

number and size of starch granules in white lupin cotyle-

dons (Fig. 2b, e). In yellow lupin cotyledons, this change

was observed only in ?S cotyledons. In yellow lupin

cotyledons fed with sucrose and asparagine (?S?Asn), the

number and size of starch granules were similar to those

observed in cotyledons used for preparation of in vitro

culture, whereas in white lupin cotyledons they were

slightly higher (white lupin, compare Figs. 2b, 1b). In

Andean lupin cotyledons, asparagine did not affect the

number and size of starch granules irrespective of carbon

(?/-S) nutrition. The number and size of starch granules

in ?S?Asn and -S?Asn Andean lupin cotyledons were

similar to ?S and -S cotyledons, respectively. In all three

lupin species, nitrate (?NO3
-) added to the ?S and -S

Fig. 1 Electron micrographs of yellow (a), white (b), and Andean

lupin (c) cotyledons isolated from seeds at developmental stage III.

CW cell wall, ER endoplasmic reticulum, M mitochondrion, OB oil

body, S starch, SP storage protein, V vacuole. Magnification of each

image is 95,000
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media did not cause any changes in the number and size of

starch granules. Ultrastructural observations of starch

granules in ?S?NO3
- and -S?NO3

- cotyledons (white

lupin, Fig. 2c, f) were very similar to those in ?S and -S

cotyledons (white lupin, Fig. 2a, d), respectively.

Mature and Germinating Seeds

The ultrastructure of embryo axes and cotyledons of dry

and imbibed yellow, white, and Andean lupin seeds has

been previously described in detail by Borek and others

(2011), who showed that starch does not occur in the

organs of dry lupin seeds. In the current study, the ultra-

structure of root meristematic zone cells of yellow, white,

and Andean lupin embryo axes cultured in vitro for 96 h in

different carbon (?/-S) and nitrogen (?Asn and ?NO3
-)

conditions is presented. The clearest changes in the number

and size of starch granules caused by carbon and nitrogen

nutrition were visible only in white lupin organs, so elec-

tron micrographs only for this species (Fig. 2a–f) are pre-

sented. Among the three investigated lupin species, starch

granules were visible only in white lupin root meristematic

Fig. 2 Electron micrographs of white lupin cotyledons isolated from

seeds at developmental stage III and cultured in vitro for 96 h on

medium with 60 mM sucrose (a, b, c, ?S) or without sucrose (d, e, f,
-S). Media were additionally enriched with 35 mM asparagine (b, e,

?Asn) or 35 mM nitrate (c, f, ?NO3
-). CW cell wall, M mitochon-

drion, OB oil body, S starch, SP storage protein, V vacuole.

Magnification of each image is 95,000
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zone cells of isolated embryo axes cultured in vitro on

medium with sucrose (?S) and without sucrose (-S)

(Fig. 3a, d). In the same cells of yellow and Andean lupin

isolated embryo axes, starch granules were visible only in

?S organs and were very small and sparse. In yellow and

Andean lupin -S isolated embryo axes, starch was not

observed at all. In white lupin isolated embryo axes,

sucrose added to the medium (?S) significantly increased

the number and size of starch granules (Fig. 3a–c) com-

pared to sucrose-starved (-S) axes (Fig. 3d–f), and this

effect was observed irrespective of nitrogen nutrition

(?Asn and ?NO3
-). Asparagine caused a clear increase in

the number and size of starch granules in white lupin iso-

lated embryo axes. This increase was observed in both

?S and -S axes (Fig. 3a, b, d, e, respectively). Similar to

developing cotyledons, in root meristematic zone cells of

isolated embryo axes of all three lupin species, nitrate

(?NO3
-) did not cause any changes in the number and size

of starch granules (white lupin, Fig. 3a, c, d, f).

Spectrophotometric determination of soluble sugars and

starch content in embryo axes and cotyledons of dry and

imbibed seeds, as well as in organs cultured in vitro for

Fig. 3 Electron micrographs of meristematic zone cells of white

lupin embryo axes isolated from imbibed seeds (24 h) and cultured

in vitro for 96 h on medium with 60 mM sucrose (a, b, c, ?S) or

without sucrose (d, e, f, -S). Media were additionally enriched with

35 mM asparagine (b, e, ?Asn) or 35 mM nitrate (c, f, ?NO3
-). CW

cell wall, M mitochondrion, N nucleus, OB oil body, S starch,

V vacuole. Magnification of each image is 94,000
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96 h in different carbon (?/-S) and nitrogen (?Asn and

?NO3
-) nutrition, showed one pattern of carbohydrate

change in tissues of all three investigated lupin species.

During seed imbibition (24 h), the soluble sugar level in

embryo axes was significantly decreased (Figs. 4, 5, 6a). In

cotyledons, only a slight but not statistically significant

increase was observed (Figs. 4, 5, 6c). Starch content in

embryo axes and cotyledons of dry seeds was very low

(Figs. 4, 5, 6b, d) but a large increase in starch content in

axes during 24 h of imbibition was observed (Figs. 4, 5, 6b).

This increase in yellow lupin embryo axes was about

21-fold, in white lupin about 24-fold, and in Andean lupin

about 11-fold. In each of the investigated organs cultured

in vitro for 96 h on medium without sucrose (-S), soluble

sugar content was significantly lower than in organs fed with

sucrose (?S) (Figs. 4, 5, 6a, c). The decrease in starch

content was observed as well, but the differences were not

always statistically significant (Figs. 4, 5, 6b, d). In each of

the investigated organs, asparagine caused a decrease in

soluble carbohydrate level and simultaneously increased

starch content. This was observed in organs fed (?S) and not

fed (-S) with sucrose (Figs. 4, 5, 6a, b, c, d). The clearest

lowering of soluble sugar level by asparagine occurred in

isolated embryo axes, and in those organs the differences

were always statistically significant. The most evident

stimulatory effect of asparagine on starch accumulation

was observed in excised cotyledons. The effect of nitrate

(?NO3
-) on soluble carbohydrate content was ambiguous.

In some organs it caused a decrease (compared to ?S or -S)

in carbohydrate content, for example, soluble sugar in white

and Andean lupin isolated embryo axes ?S?NO3
- (Figs. 5,

6a, respectively) or starch in yellow lupin excised cotyle-

dons ?S?NO3
- (Fig. 4d). In others, the carbohydrate level

was higher, for example, soluble sugars in Andean lupin

seedling axes ?S?NO3
- (Fig. 6a) or starch in white lupin

excised cotyledons -S?NO3
- (Fig. 5d) and Andean

lupin seedling cotyledons ?S?NO3
- and -S?NO3

-

(Fig. 6d). In most of the other comparisons, the differences

were not statistically significant (Figs. 4, 5, 6a–d).

Discussion

A strong negative relationship between storage protein and

lipid accumulation occurs during soybean seed develop-

ment (Wilcox and Shibles 2001; Chung and others 2003;

Fig. 4 Soluble sugar (a, c) and starch (b, d) content in axes (a, b) and

cotyledons (c, d) of yellow lupin dry and imbibed seeds and in axes

and cotyledons cultured in vitro for 96 h on medium with 60 mM

sucrose (?S) or without sucrose (-S). Media were additionally

enriched with 35 mM asparagine (?Asn) or 35 mM nitrate (?NO3
-).

Different letters above the error bars indicate statistically significant

differences at p B 0.05 (ANOVA; Tukey’s HSD multiple-range test)
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Hernández-Sebastià and others 2005). Additional research

also indicates an inverse relationship in the accumulation

of storage protein and carbohydrates, especially sucrose

(Wilcox and Shibles 2001). Our earlier research conducted

on yellow, white, and Andean lupin developing cotyledons

has shown that the negative relationship between protein

and lipid accumulation exists in lupin seeds as well. The

increase in protein content (caused by asparagine) was

accompanied by a decrease in the lipid level. Simulta-

neously, it was shown that the positive relationship

between protein and lipid accumulation in developing lupin

cotyledons could also be possible. This positive effect was

caused by nitrate which stimulated accumulation of both

protein and lipid at the same time (Borek and others 2009).

Ultrastructure observations presented in this article showed

that nitrate had no effect on the number and size of starch

granules in developing cotyledons of three investigated

lupin species (white lupin, Fig. 2a, c, d, f). More interesting

was the effect caused by asparagine. This amino acid

caused an increase in the number and size of starch gran-

ules in yellow and white lupin developing cotyledons. In

white lupin cotyledons fed with sucrose and asparagine

(?S?Asn) (Fig. 2b), the number and size of starch gran-

ules was even higher than in the cotyledons used for

in vitro culture preparation (Fig. 1b). This showed that in

developing lupin seeds (at least white lupin), the positive

relationship in accumulation of protein (Borek and others

2009) and starch (Fig. 2b) is possible. However, during

seed maturation, starch is degraded. It is postulated that

carbon skeletons from degraded starch are used for

synthesis of other compounds during seed maturation

(Gallardo and others 2008). It has been proposed that in

oilseeds starch constitutes an important carbon source

required to sustain lipid synthesis during the phase of rapid

oil deposition (Baud and others 2008).

At the present stage of the research it is impossible to

unambiguously explain the mechanism of the effect caused

by asparagine. This is one of the key amino acids in lupin

developing seeds. Asparagine is the main transport form of

nitrogen in lupin plants (Lehmann and Ratajczak 2008) and

one of the most abundant amino acids provided by the host

plant to the developing soybean (Hernández-Sebastià and

others 2005) and other legume seeds (Weber and others

2005). Asparagine as a substrate for storage protein

Fig. 5 Soluble sugar (a, c) and starch (b, d) content in axes (a, b) and

cotyledons (c, d) of white lupin dry and imbibed seeds and in axes

and cotyledons cultured in vitro for 96 h on medium with 60 mM

sucrose (?S) or without sucrose (-S). Media were additionally

enriched with 35 mM asparagine (?Asn) or 35 mM nitrate (?NO3
-).

Different letters above the error bars indicate statistically significant

differences at p B 0.05 (ANOVA; Tukey’s HSD multiple-range test)
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synthesis increases the content of this storage compound in

developing lupin seeds (Borek and others 2009). However,

through stimulation of starch accumulation, the sink

strength is probably improved because the increase in

starch accumulation causes a decrease in soluble sugar

levels (Figs. 4, 5, 6a, b, c d). Although this relationship has

been tested only in germinating lupin seeds, it is highly

probable that such a relationship exists in developing lupin

seeds. The similar, inverse relationship in soluble sugars

and starch content has been confirmed in developing Vicia

faba seeds (Weber and others 2005). The decrease in sol-

uble carbohydrate content in sink tissues of developing

seeds enhances carbon flow from the mother plant. It has

been proven that in developing faba bean seeds fed with

high concentrations of sugars, suppression of VfSUT7

(sucrose transporter) expression occurs (Weber and others

1997). Asparagine (as well as glutamine) provided by the

mother plant to the developing embryo is converted to

other amino acids prior to storage protein synthesis. Con-

version of the amide amino acids to the other amino acids

demands carbon skeletons derived from sucrose imported

from the phloem (Hernández-Sebastià and others 2005).

Sucrose is also the main substrate for lipid synthesis in

developing seeds (Baud and others 2008; Baud and

Lepiniec 2010). However, in developing lupin seeds,

asparagine causes a significant decrease in storage lipid

accumulation (Borek and others 2009). In such circum-

stances, in the developing embryo, an oversupply of

sucrose could occur and sink strength could decrease.

Sucrose and other soluble sugars could be transiently

managed by starch accumulation. The importance of tran-

siently accumulated starch in the establishment of the

embryo as a sink organ prior to the onset of oil deposition

was also emphasized in developing B. napus embryos (Da

Silva and others 1997; Baud and others 2008).

As already mentioned, starch that has accumulated

during seed development is degraded during seed matura-

tion and finally disappears. As a consequence, starch does

not exist in mature and dry lupin seeds (Hedley 2001;

Borek and others 2006; Duranti and others 2008; Borek

and others 2011). This statement is based on ultrastructure

observations (Borek and others 2006, 2011). Spectropho-

tometric determination of starch content in dry lupin seeds

showed that this polysaccharide occurs at a very low level

Fig. 6 Soluble sugar (a, c) and starch (b, d) content in axes (a, b) and

cotyledons (c, d) of Andean lupin dry and imbibed seeds and in axes

and cotyledons cultured in vitro for 96 h on medium with 60 mM

sucrose (?S) or without sucrose (-S). Media were additionally

enriched with 35 mM asparagine (?Asn) or 35 mM nitrate (?NO3
-).

Different letters above the error bars indicate statistically significant

differences at p B 0.05 (ANOVA; Tukey’s HSD multiple-range test)
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in embryo axes and cotyledons of lupin dry seeds (Fig. 4,

5, 6b, d, dry seeds). During seed imbibition, a huge

increase in starch content was noted. This rapid increase

was observed in embryo axes but not in cotyledons

(Figs. 4, 5, 6b, d, imbibed seeds). An increase in embryo

axis sink strength could be a critical factor during seed

imbibition and germination. The increase in starch content

in imbibed embryo axes coincided with a significant

decrease in soluble sugar level (Figs. 4, 5, 6a). No signif-

icant changes in soluble sugar levels were observed in

cotyledons of imbibed seeds (Figs. 4, 5, 6c). Such rapid

decreases in soluble sugar levels in axes may enhance

carbon flow from cotyledons.

Similar to the ultrastructure analysis of developing

cotyledons, the ultrastructure of isolated embryo axes

cultured in vitro showed that white lupin was unique

among the three investigated lupin species. Two of the

clearest examples of this uniqueness are the number and

size of starch granules caused by sucrose and asparagine

and the occurrence of starch granules even in sucrose-

starved (-S) isolated embryo axes (Fig. 3d, e). However, it

should be remembered that ultrastructure observations

were conducted on a small part of the root, that is, in root

meristematic zone cells of isolated embryo axes. Those

organs and this zone were selected based on our previous

research related to the regulatory function of sucrose in the

metabolism of germinating lupin seeds. Changes caused by

sucrose in the ultrastructure of the root meristematic zone

of isolated embryo axes were distinctive (in deposits of

storage protein, oil bodies, starch granules, or cell vacuo-

lization) (Borek and others 2006, 2011). The changes in the

same zone of seedling roots were not as spectacular as

those in isolated embryo axes (Borek and others 2006,

2012a). In yellow, white, and Andean lupin isolated

embryo axes cultured in vitro, it was noted that the number

and size of starch granules were clearly higher in the organs

fed with sucrose (Borek and others 2011; Fig. 3a, d). The

effect of nitrogen nutrition (?Asn and ?NO3
-) on starch

granules at the ultrastructural level was visible only in white

lupin embryo axes (Fig. 3a–f) and it was the same as

described above in developing cotyledons (Fig. 2a–f).

Spectrophotometric determination (in which whole organs

were used) of starch content showed that the effect caused

by sucrose, asparagine, and nitrate was similar in isolated

embryo axes and excised cotyledons as well as in seedling

axes and cotyledons of all three investigated lupin species

(Figs. 4, 5, 6a–f), and it was the same as that observed on the

ultrastructure level in white lupin (Fig. 3a–f). The most

interesting was asparagine treatment, which resulted in an

enhanced starch content (Figs. 3a, b, 4, 5, 6b, d) and a

simultaneous decrease in the soluble sugar level (Figs. 4, 5,

6a, c). This relationship was observed in organs cultured

with and without sucrose.

At the present stage of the research, as in developing

cotyledons, the mechanism of the stimulatory effect of

asparagine on starch accumulation remains unknown.

However, it is probable that starch accumulation is one of

the ways soluble sugars are maintained at a low level in

lupin tissues. The low level of soluble carbohydrates is

extremely important in tissues of germinating seeds. It has

been proven many times that sucrose and glucose control

storage compound breakdown during germination. For

example, during lupin seed germination, sucrose starva-

tion significantly enhances storage protein mobilization

(Borek and Ratajczak 2002; Borek and others 2011,

2012a). Amino acids liberated from storage proteins are

used for synthesis of other compounds but are used also as

respiratory substrates (Borek and others 2001; Morkunas

and others 2003; Lehmann and Ratajczak 2008). Aspara-

gine added to the medium may also inhibit the use of

soluble carbohydrates as respiratory substrates and may

also disturb the osmotic potential and source–sink gradient.

The hypothesis that asparagine enhances starch synthesis

thus allowing soluble sugars to be maintained at low levels

was supported by spectrophotometric determination of

carbohydrates (Figs. 4, 5, 6a, d) and is additionally sup-

ported by high starch content in white and Andean lupin

excised cotyledons (Figs. 5, 6d, respectively). Starch con-

tent in excised cotyledons (irrespective of carbon and

nitrogen nutrition) was significantly higher than starch

content in seedling cotyledons (Figs. 5, 6d). In lupin

excised and seedling cotyledons cultured in vitro for 96 h,

the mobilization of reserves is advanced (Borek and others

2002, 2006, 2011, 2012a, b). However, the exclusion of the

export of reserve mobilization products from excised

cotyledons to the growing axis resulted in significantly

higher starch accumulation than in seedling cotyledons

(Figs. 5, 6d).

It is worth mentioning that in white lupin isolated

embryo axes starch granules were visible even in the cells

of sucrose-starved (-S) organs (Fig. 3d, e). This is puz-

zling because a significant increase in vacuolization in the

same cells was observed (Fig. 3d, e; Borek and others

2011). This indicates advanced autophagy triggered in

embryonic cells by sucrose starvation. In the same organs,

a decrease in phosphatidylcholine content, which could be

one of the autophagy markers, was also detected. This

question has been discussed in more detail in our previous

articles (Borek and others 2011, 2012b).

In summary, the data presented here and in our previous

work (Borek and others 2006, 2009, 2011, 2012b) dem-

onstrate that starch in tissues of yellow, white, and Andean

lupin seeds is a temporary starch. Although starch occurs in

developing seeds, it is not an important storage compound

because lupin mature seeds do not contain starch. It is

probable that the transient starch accumulation observed
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during lupin seed development and germination is impor-

tant for maintaining the appropriate source–sink gradient

and low levels of soluble sugars in tissues. The stimulatory

effect of asparagine on starch synthesis in lupin seeds is

interesting and requires further research. Finally, among

the three investigated lupin species, white lupin is dis-

tinctive because the starch granules were visible in cells of

sucrose-starved isolated embryo axes where advanced

autophagy occurs.
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