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Abstract The regulatory function of sucrose in the

activity of lipid-degrading enzymes was investigated in

germinating seeds of yellow lupin (Lupinus luteus L.),

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

mutabilis Sweet). The study was conducted on isolated

embryo axes, excised cotyledons and seedlings cultured

in vitro for 96 h on medium with 60 mM sucrose or

without the sugar. The activity of lipase (lipolysis), acyl-

CoA oxidase and catalase (fatty acid b-oxidation) was

enhanced in all studied organs cultured on medium without

sucrose. The activity of cytosolic aconitase (glyoxylate

cycle) was stimulated by sucrose in seedling axes and

isolated embryo axes, whereas in seedling cotyledons and

excised cotyledons, it was inhibited. The regulatory func-

tion of sucrose in phosphoenolpyruvate carboxykinase

(gluconeogenesis) was observed only in isolated embryo

axes and the activity was lower in carbohydrate deficiency

conditions. The peculiar features of storage lipid break-

down in germinating lupin seeds and its regulation by

sucrose are discussed.

Keywords Aconitase � Acyl-CoA oxidase � Catalase �
Lipase � Phosphoenolpyruvate carboxykinase

Introduction

Lupin seeds differ significantly in storage lipid content.

The clearest example of a high lipid level in mature seeds

is Andean lupin (Lupinus mutabilis Sweet), which accu-

mulates up to 20 % of lipid in seed dry matter. Opposite to

Andean lupin is yellow lupin (Lupinus luteus L.). Lipid

content in seeds of this species is about 6 %. White lupin

seeds (Lupinus albus L.) contain 7–14 % (Borek et al.

2009, 2012a). Regarding storage lipid content, Andean

lupin seeds are similar to soybean seeds, which contain

12–26 % of storage lipid (Zhou et al. 2006). Apart from

storage lipid, lupin seeds contain large quantities of protein

(up to 40–50 %), which is the dominant storage compound

in these species (Santos et al. 1997; Duranti et al. 2008;

Borek et al. 2012b).

During seed germination, storage lipid is converted into

sucrose (Penfield et al. 2005; Graham 2008), which is one

of the main transport carbon forms in plants. This is a

multi-step process involving several cell compartments

(Fig. 1). Breakdown of storage lipid starts in oleosomes,

where lipase liberates fatty acids from triacylglycerols

(Graham 2008; Quettier and Eastmond 2009; Barros et al.

2010). Next, fatty acids such as acyl-CoA are oxidized in

peroxisomes (sometimes called a glyoxysomes in oilseeds)

through b-oxidation. This process is initiated by acyl-CoA

oxidase. Fatty acid b-oxidation generates acetyl-CoA and

additionally H2O2, which is detoxified by catalase (Baker

et al. 2006; Graham 2008; Kaur et al. 2009; Contento and

Bassham 2010). Acetyl-CoA enters the glyoxylate cycle

that occurs both in the peroxisome and in the cytosol. The

glyoxylate cycle is catalyzed by five enzymes, namely

citrate synthase, aconitase, isocitrate lyase, malate syn-

thase, and malate dehydrogenase. Two of them, i.e. acon-

itase and malate dehydrogenase, operate in the cytosol.
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Malate dehydrogenase occurs in the peroxisome as well but

is not involved in the glyoxylate cycle (Pracharoenwattana

et al. 2007; Pracharoenwattana and Smith 2008). Succinate

arising in the peroxisome is transported into the mito-

chondrion and through part of the tricarboxylic acid (TCA)

cycle is converted to malate. Subsequent steps occur in the

cytosol, where malate is converted to oxaloacetate. In the

reaction catalyzed by phosphoenolpyruvate carboxykinase,

oxaloacetate is converted to phosphoenolpyruvate, which

starts the gluconeogenesis pathway (Graham 2008). The

above-mentioned process is well documented in oil-storing

seeds but occurs in germinating lupin seeds as well (Borek

et al. 2003, 2011; Borek and Ratajczak 2010). During lupin

seed germination, not all storage lipid is converted to

sucrose. Some of it is utilized as a respiratory substrate and

is used for amino acid synthesis. It has been proven that

lipid-derived carbon skeletons in germinating yellow lupin

seeds are used for synthesis of, for example, asparagine,

glutamate and glutamine. It is postulated that in yellow

lupin, there exist several pathways leading from storage

lipid to amino acids. Probably citrate and isocitrate (cyto-

solic aconitase substrate and product, respectively) are

subtracted from the above-described pathway of storage

lipid conversion to sucrose, and are used for amino acid

synthesis (Fig. 1). In this process, cytosolic isocitrate

dehydrogenase plays an important role (Borek et al. 2003;

Borek and Ratajczak 2010). Further research has shown

that the intensity of lipid breakdown and carbon flow from

lipid to amino acids depends on the lipid content in lupin

seeds. It has been proven by applying an inhibitor of

asparagine synthesis (L-methionine sulfoximine—inhibitor

of glutamine synthetase). When asparagine synthesis is

disrupted, a slight increase in lipid breakdown is observed

in yellow and white lupin embryo axes and cotyledons,

whereas in Andean lupin embryo axes and cotyledons

occurs the significant enhancement in lipid utilization

(Borek et al. 2011).

Since sucrose is one of the main end products of storage

lipid breakdown during seed germination and seedling

establishment, it is considered as a regulatory agent. It is

well documented that decreased sucrose or glucose levels

in tissues enhance, for example, lipid (Dieuaide et al. 1992;

Yu 1999; To et al. 2002; Borek et al. 2006, 2012a), protein

(Brouquisse et al. 1991; Yu 1999; Borek and Ratajczak

2002; Borek et al. 2012b), and starch (Thomas and

Rodriquez 1994; Borek et al. 2006, 2013) breakdown. In

such conditions, photosynthesis is enhanced (Yu 1999) and

autophagy may occur as well (Aubert et al. 1996; Yu 1999;

Inoue and Moriyasu 2006; Bassham 2007). There are many

data confirming that sucrose and glucose regulate plant

metabolism by modulation of gene expression. In Arabid-

opsis thaliana seedlings, hundreds of genes are stimulated

or repressed by glucose (Price et al. 2004). Studies

conducted on germinating yellow lupin seeds have shown

that sucrose regulates the activity of several enzymes

involved in storage lipid breakdown and the changes in

enzyme activities are a result of modification in gene

expression. During yellow lupin seed germination, lipase

and catalase activity increases in sugar deficiency condi-

tions (Borek et al. 2006; Borek and Nuc 2011), and in the

same conditions, the lipase mRNA level is higher as well

(Borek and Nuc 2011). Contrary to lipase and catalase,

other enzymes involved in further steps of lipid breakdown

Fig. 1 Schematic representation of storage lipid breakdown in

germinating lupin seeds. 1 lipase, 2 acyl-CoA oxidase, 3 catalase,

4 cytosolic and mitochondrial aconitase, 5 phosphoenolpyruvate

carboxykinase
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(cytosolic aconitase, isocitrate lyase, cytosolic isocitrate

dehydrogenase) are less active in lupin embryo axes and

cotyledons not fed with sucrose. Simultaneously, mRNA

levels for cytosolic aconitase and cytosolic isocitrate

dehydrogenase are lower (Borek and Nuc 2011). Higher

activity and mRNA level for cytosolic aconitase and

cytosolic isocitrate dehydrogenase in yellow lupin organs

fed with sucrose are correlated with the enhanced carbon

flow from lipid into amino acids, because amino acid

synthesis from lipid is significantly enhanced by sucrose in

embryo axes and cotyledons (Borek and Ratajczak 2010).

Till now, the regulatory function of sucrose in enzyme

activities involved in storage lipid breakdown has been

investigated only in yellow lupin seeds. This lupin species

contains only about 6 % lipid in seeds. It is not known how

sucrose regulates lipid-degrading enzymes in lupin species

which accumulate more lipids in seeds. Therefore, this

study was extended to white and Andean lupin seeds (lipid

content 7–14 % and about 20 %, respectively) because, as

mentioned above, the intensity of lipid breakdown and

carbon flow from lipid to amino acids depends on lipid

content in lupin seeds (Borek et al. 2011). To investigate

the regulatory function of sucrose, the isolated embryo

axes, excised cotyledons and seedlings were cultured

in vitro on medium with 60 mM sucrose or without the

sugar. Sucrose added to the medium in this concentration

causes a significant increase in carbohydrate level in yel-

low lupin embryo axes, cotyledons and seedlings. Lack of

sucrose in the medium causes a considerable decrease in

sugar content in tissues, especially in isolated embryo axes

(Borek et al. 2006). Experiments were conducted both on

embryo axes and cotyledons because embryo axes contain

less storage lipid than cotyledons (Borek et al. 2012a). In

this study, the activities of lipase, acyl-CoA oxidase, cat-

alase, cytosolic and mitochondrial aconitase, and phos-

phoenolpyruvate carboxykinase were assayed.

Materials and methods

Plant material

Yellow, white and Andean lupin seeds were surface-ster-

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

tively) 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 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 variants: 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. All experiments were conducted on isolated organs

as well as on seedling organs because it enabled the

detection of an undesirable effect of injury, i.e. isolation of

organs.

Enzyme activity assays

Lipase (EC 3.1.1.3) activity was measured according to

Marriott and Northcote (1975), described in detail by

Borek et al. (2006). Enzyme activity was measured spec-

trophotometrically (Ultrospec 4000, Pharmacia Biotech) at

k = 420 nm using p-nitrophenol palmitate as substrate.

Lipase activity was expressed in units (U) calculated on the

basis of the increase in p-nitrophenol concentration read

from a standard curve made for solutions ranging from

0.005 to 0.08 nM.

Acyl-CoA oxidase (EC 1.3.3.6) activity was measured

according to Gerhard (1987). Enzyme activity was assayed

by following H2O2 formation in a coupled assay which

determines H2O2 in a peroxidatic reaction. Plant material

was homogenized in 150 mM Tris–HCl buffer (pH 7.5),

supplemented with 0.1 % 2-mercaptoethanol and 10 lM

FAD. Buffer was used in the amount of 3 ml per 1 g of

fresh weight. The homogenate was centrifuged for 20 min

at 22,000g. The reaction mixture (1 ml) contained 150 mM

Tris–HCl buffer (pH 7.5), 50 lM palmitoyl-CoA, 50 lM

FAD, 13 mM 4-hydroxybenzoic acid, 1 mM aminoanti-

pyrine, 1 mM NaN3, 5.3 U peroxidase, and 40 ll of

supernatant. Absorbance was measured at k = 500 nm for

15 min (Ultrospec 4000, Pharmacia Biotech). An increase

in absorbance of about 0.51 was equal to decomposition of

0.1 lmol ml-1 H2O2.

Catalase (EC 1.11.1.6) activity was measured according

to Lück (1965), described in detail by Borek et al. (2006).

Enzyme activity was measured spectrophotometrically

(Ultrospec 4000, Pharmacia Biotech) at k = 240 nm using

H2O2 as substrate (molar absorption coefficient for

H2O2 = 43.6).

Aconitase (EC 4.2.1.3) activity was measured in cyto-

solic and mitochondrial fractions according to Kennedy

et al. (1983) and was described in detail by Borek and Nuc

(2011). To assess the quality of the cytosolic fraction,

glutamate dehydrogenase activity (marker of mitochon-

dria) was simultaneously assayed (Borek et al. 2012b).

Enzyme activity was measured spectrophotometrically

(Ultrospec 4000, Pharmacia Biotech) at k = 240 nm using

sodium isocitrate as the substrate. The increase in cis-

aconitate was measured.

Phosphoenolpyruvate carboxykinase (EC 4.1.1.49)

activity was measured according to Chen et al. (2004).

Enzyme activity was measured in the carboxylation

direction, in which oxaloacetate formed is reduced to

malate by malate dehydrogenase and NADH. Plant mate-

rial was homogenized in 10 mM HEPES–KOH buffer (pH
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7.0) supplemented with 0.1 % 2-mercaptoethanol. Buffer

was used in the amount of 3 ml per 1 g of fresh weight.

The homogenate was centrifuged for 20 min at

22,000g. The reaction mixture (1 ml) contained 100 mM

HEPES–KOH buffer (pH 7.0), 6 mM phosphoenolpyr-

uvate, 90 mM KHCO3, 2 mM ADP, 100 mM KCl, 0.1 %

2-mercaptoethanol, 6 mM MgSO4�7H2O, 0.3 mM NADH,

6 U malate dehydrogenase, and 50 ll of supernatant.

Absorption was measured at k = 340 nm for 15 min

(Ultrospec 4000, Pharmacia Biotech).

Protein determination

Protein concentration in enzyme extracts was determined

according to Bradford’s (1976) method, with BSA as a

standard.

Statistical analysis

The results are the mean ± SD of three independent

experiments with two or three replications each. Signifi-

cance of differences between mean values was determined

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

only to assessing the significance in the differences

between organs cultured in vitro on medium containing

60 mM sucrose (?S) and organs cultured on medium

without sucrose (-S).

Results

Activity of the enzymes investigated was differently reg-

ulated by sucrose. Lipase (Fig. 2), acyl-CoA oxidase

Fig. 2 Lipase activity in white

and Andean lupin axes and

cotyledons cultured in vitro for

96 h on medium with 60 mM

sucrose (?S) or without the

sugar (-S). Statistical

significance at *p B 0.05 or at

**p B 0.01
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(Fig. 3) and catalase (Fig. 4) activity was enhanced in all

studied organs cultured on medium without sucrose (-S).

The regulatory function of sucrose on aconitase activity

was different in axes and cotyledons (Fig. 5). In Andean

lupin seedling axes and isolated embryo axes, the activity

of cytosolic and mitochondrial aconitase was higher in

sucrose supply conditions (?S), whereas in seedling

cotyledons and excised cotyledons, aconitase (both cyto-

solic and mitochondrial) activity was lower in organs cul-

tured on medium ?S (Fig. 5). To assess the purity of

Fig. 3 Acyl-CoA oxidase

activity in yellow, white and

Andean lupin axes and

cotyledons cultured in vitro for

96 h on medium with 60 mM

sucrose (?S) or without the

sugar (-S). Statistical

significance at *p B 0.05
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cytosolic and mitochondrial fractions, the activity of glu-

tamate dehydrogenase (a mitochondrial marker) was

simultaneously assayed. Glutamate dehydrogenase activity

in the cytosolic fraction was negligible compared to its

mitochondrial activity, and was described in detail in

another paper (Borek et al. 2012b). The distinct effect of

in vitro culture trophic conditions on phosphoenolpyruvate

carboxykinase activity was detected only in isolated

embryo axes of all three investigated lupin species. In these

organs, the enzyme activity was significantly decreased in

carbohydrate depletion conditions (-S; Fig. 6).

Discussion

The regulatory function of sucrose in activity of enzymes

involved in storage lipid breakdown during seed

germination of yellow, white and Andean lupin was

investigated. Enzymes which take part in the first steps of

storage lipid breakdown, i.e. lipase (lipolysis) as well as

acyl-CoA oxidase and catalase (fatty acid b-oxidation),

were significantly more active in organs cultured on med-

ium without sucrose (-S; Figs. 2, 3, 4, respectively;

activity of lipase and catalase in organs of yellow lupin was

described earlier by Borek et al. 2006). Catalase is asso-

ciated with fatty acid b-oxidation and a rise in its activity

can be treated as an indirect proof of intensification of the

fatty acid b-oxidation in sugar-starved tissues (Dieuaide

et al. 1992, 1993; Contento and Bassham 2010). Such an

increase in enzyme activity is consistent with many liter-

ature data describing intensification of processes leading to

supply of respiratory substrates in carbohydrate depletion

conditions (Brouquisse et al. 1991; Yu 1999; Borek et al.

2001; Gonzali et al. 2006). It is highly possible that

Fig. 4 Catalase activity in

white and Andean lupin axes

and cotyledons cultured in vitro

for 96 h on medium with

60 mM sucrose (?S) or without

the sugar (-S). Statistical

significance at *p B 0.05 or at

**p B 0.01
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increased activity of the abovementioned enzymes in sugar

deficiency conditions was regulated upon the mechanism

of so-called catabolic repression. The catabolic repression

mechanism was earlier described in detail in bacteria and

yeast (Saier 1989; Gancedo 1992). In higher plants, it is

involved in the more general system of gene expression

control by metabolic signals and plays an important role in

metabolic regulation, particularly in tissues and organs that

are not capable of photosynthesis (Koch 1996; Smeekens

and Rook 1997; Brouquisse et al. 1998). In carbohydrate-

starved tissues, the expression of many genes is enhanced

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

et al. 2006; Ramon et al. 2008; Smeekens et al. 2010) and it

leads to increased activity of relevant enzymes. Such

enhanced gene expression for lipase was described in

yellow lupin axes and cotyledons in which the sugar level

was decreased (Borek and Nuc 2011). In carbohydrate-

starved cucumber cell culture, an increase in mRNA for

malate synthase and isocitrate lyase (two enzymes of

the glyoxylate cycle; Graham et al. 1994) was detected.

In this study, changes in mRNA levels were not deter-

mined but the increase in lipase, acyl-CoA oxidase and

catalase activity (Figs. 2, 3, 4, respectively) was probably a

result of stimulated gene expression in sugar deficiency

conditions.

In germinating yellow lupin seeds, a strong relationship

between storage lipid breakdown and amino acid synthesis

was discovered (Fig. 1). It has been evidenced that lipid-

derived carbon skeletons were used for synthesis among

others of asparagine, glutamine and glutamate. In seedling

axes, sucrose (?S) enhanced the carbon flow from lipid

into amino acids but in seedling cotyledons, the carbon

flow was higher in -S conditions. Contrary to this, in

isolated embryo axes and cotyledons cultured in vitro, the

carbon flow was more intense in sucrose-fed conditions

(?S) (Borek et al. 2003; Borek and Ratajczak 2010). One

of the key enzymes involved in pathways of carbon flow

from lipids into amino acids is cytosolic aconitase (Fig. 1;

Borek and Ratajczak 2010; Borek et al. 2011). Mitochon-

drial aconitase operates in the TCA cycle. Cytosolic and

mitochondrial aconitase activity and its regulation by

sucrose in yellow lupin germinating seeds was described

earlier (Borek and Nuc 2011). In this paper, the activity of

aconitase in Andean lupin organs is presented (Fig. 4). It is

highly possible that in seeds of this lupin species, there also

exists carbon flow from lipid into amino acids. This con-

clusion is based on the following: (1) Andean lupin seeds

contain much more storage lipid than yellow lupin seeds

(Borek et al. 2009, 2012a) and more carbon skeletons

might be used for amino acid synthesis; (2) disruption in

Fig. 5 Aconitase activity in Andean lupin axes and cotyledons cultured in vitro for 96 h on medium with 60 mM sucrose (?S) or without the

sugar (-S). Small graphs are the magnification of enzyme activity in cytosolic fraction. Statistical significance at *p B 0.05 or at **p B 0.01
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asparagine synthesis caused a significant increase in fatty

acid utilization (Borek et al. 2011); (3) the changes caused

by sucrose in aconitase activity (Fig. 5) were very similar

to those observed in aconitase activity in yellow lupin

seeds (Borek and Nuc 2011); and (4) the changes caused by

sucrose in aconitase activity (Fig. 5) correlate with the

changes caused by sucrose in carbon flow from lipid into

amino acids in yellow lupin (Borek et al. 2003; Borek and

Ratajczak 2010).

Phosphoenolpyruvate carboxykinase is one of the

enzymes involved in the pathway of commonly known

conversion of storage lipid into sugars during seed

Fig. 6 Phosphoenolpyruvate

carboxykinase activity in

yellow, white and Andean lupin

axes and cotyledons cultured

in vitro for 96 h on medium

with 60 mM sucrose (?S) or

without the sugar (-S).

Statistical significance at

*p B 0.05
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germination. It is active in the cytosol and takes part in

gluconeogenesis (Graham 2008). Changes caused by

sucrose in phosphoenolpyruvate carboxykinase activity in

germinating lupin seeds were significant only in isolated

embryo axes of three investigated lupin species. In sucrose-

starved (-S) isolated embryo axes, the activity was sig-

nificantly lower than in the sucrose-fed (?S) ones (Fig. 6).

An explanation of this result is possible on the basis of our

previously performed experiments with radiolabeled ace-

tate (the simplest fatty acid) and upon analysis of incor-

poration of acetate-derived carbons into sugars (Borek

et al. 2003; Borek and Ratajczak 2010). In yellow lupin

seeds, conversion of lipid into sugars is considerably

retarded in carbohydrate-depletion conditions. The highest

restriction of sugar synthesis from lipids was observed in

isolated embryo axes. When the carbohydrate level in tis-

sues was decreased, the intermediates of storage lipid

breakdown (for example intermediates of glyoxylate cycle)

might be used as respiratory substrates and cannot be used

for sugar synthesis (Borek et al. 2003; Borek and Ratajczak

2010).

Summarizing the data presented in this paper, it can be

concluded that sucrose is a very important regulatory agent

in activity of enzymes taking part in storage lipid break-

down in yellow, white and Andean lupin-germinating

seeds. A decreasing carbohydrate level in tissues caused

diverse changes in enzymes activity. Some enzymes, such

as lipase, acyl-CoA oxidase and catalase, were stimulated

in those conditions in all organs investigated, whereas

others, for example phosphoenolpyruvate carboxykinase in

isolated embryo axes, were less active. The activity of

aconitase was differently regulated in axes and cotyledons.

This special feature of the sucrose regulatory function

occurred in all three lupin species. It was very similar in

organs of all three investigated lupine species and was

independent of the amount of storage lipid in seeds.
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