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ABSTRACT

Seed vigour, viability, the contents of soluble carbohydrates, total protein, albumins, and globulins, as well as
seed coat structure, were analysed in yellow lupin (Lupinus luteus L.) cv. Iryd seeds stored for 20 years at -14°C,
0°C or at room temperature (approx. +20°C). Seed storage at room temperature reduced viability (to 2%) and in-
creased seed leachate electroconductivity. Determinations of total proteins showed that protein content was signi-
ficantly reduced in seeds stored at +20°C compared to the other storage regimens. Raffinose family oligosacchari-
des were the main soluble carbohydrates in seeds stored at 0°C and -14°C, whereas sucrose dominated in seeds
stored at room temperature. Scanning electron microscopy (SEM) of seed surface and seed coat sections revealed
appearance of an amorphic layer on the surface of seeds stored at room temperature (not observed in other seeds)
and distinct shrinking of macrosclereid layer in seeds stored at -14°C. Macrosclereids layer in all seeds was 100
pum thick and accounted for 60% of seed coat thickness. The obtained results suggest that for long term storage of
lupin seeds at 0°C is the most advisable temperature if both costs of storage and seed storability are considered.
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INTRODUCTION

During prolonged storage seeds undergo ageing, lose
their biological potential (vigour, viability) and economic
value, and eventually die. Considering seed longevity and
storage physiology, seeds can be divided into three groups:
1) orthodox; 2) recalcitrant; 3) intermediate (Roberts
1973). Only members of the first group withstand long sto-
rage (many years) fairly well. On the other hand, the above
classification is not very clear-cut (Ellis et al. 1990).

Orthodox seeds can retain viability, resting in the state of
anabiosis, because they tolerate desiccation (down to the
water content around 5-10% dry weight). Nevertheless,
even in seeds of high longevity, degenerative processes do
occur during long storage, and they include lipid oxidation,
membrane and DNA impairments, degradation of proteins
and decrease of enzyme activities (Murthy et al. 2003).
Ageing-related reduction of enzyme activity was observed
in enzymes as essential as dehydrogenases of the Krebs
cycle, cytochrom c oxidase, and malate and glutamate de-

hydrogenases. Decline of enzyme activities is caused by
enzyme protein denaturation (Roberts 1972). On the other
hand, those dissimilative enzymes, the activity of which is
not strongly reduced by seed ageing may contribute, toge-
ther with non-enzymatic reactions, to uncontrolled break-
down of organic compounds in ageing seeds (Bewley and
Black 1994). The objective of this work was to determine
the effects of prolonged seed storage (for 20 years) at dif-
ferent temperatures on seed vigour, viability, chemical
composition and seed coat microstructure.

MATERIALS AND METHODS

Seeds of yellow lupin (Lupinus luteus L), cv. Iryd were
stored in tightly closed jars at 0°C, -14 °C or under ambient
laboratory conditions (approx. +20°C). At the beginning of
the experiment (storage) seeds contained water at
8.8%10.1% of dry weight, as determined by the gravimetric
method. After 20 years of storage, selected seed characteri-
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stics were studied: microstructure of seed coat surface and
seed coat sections, physiological parameters and biochemi-
cal composition. Viability and vigour determinations were
based on assays of germination capacity and measurements
of seed leachate conductrometry, as recommended by ISTA
(1999). Total protein content was determined with Bradford
(1976) method. Albumins were isolated from 2 g seed in 10
ml extraction buffer (0.IM KH,PO, + 0.IM NaOH, pH
7.5), containing 0.4 M NaCl (Marcone et al. 1994). Globu-
lins were extracted according to the method of Hall et al.
(1977). The contents of soluble carbohydrates, cyclitols and
galactosyl cyclitols were determined by gas chromatogra-
phy (Piotrowicz-Cieslak 2005b). In analyses of seed coat
microstructure, freshly harvested lupin seeds were used for
comparisons (as control). Cross sections and surface of the
testa were coated with gold (JEOL JFC 1200) and observed
with scanning electron microscope JEOL JSM — 5310LV at
25kV (Piotrowicz-Cieslak 2005a).

RESULTS

Seed vigour and viability

Seeds stored at both -14°C and 0°C germinated at similar
rate — 99 and 96%, respectively (Table 1), whereas in seeds
stored at room temperature percentage germination dropped
severely — to 2%. The conductometric assays confirmed dif-
ferent levels of seed deterioration (Table 1). Seeds stored at
-14°C and 0°C gave seed leachate electroconductivity near-
ly twice lower than seeds stored under room temperature.

Seed protein

The highest protein content was measured in seeds stored
at -14°C and 0°C (Table 2), whereas in seeds stored at
+20°C it was approx. 50% lower. Globulins made up 70 to
80% protein. In seeds stored at room temperature, both
globulin and albumin contents were lower by approx. 50%,
compared to the other seeds.

Carbohydrates

The following carbohydrates could be identified on GC
chromatograms of seed extracts (Table 3):

—raffinose family oligosaccharides: raffinose, stachyose,
verbascose,

— galactosyl cyclitols:

TABLE 1. Germination [%] and conductivity [uS/g seeds] of Lupinus luteus
seeds stored at 0°C, -14°C and room temperature (near +20°C) for 20 years.

Storage conditions Germination % Conductivity uS/g
of seeds
+20°C 242 79524
0°C 9612 405432
-14°C 99+1 410£27

TABLE 2. Total protein, albumin and globulin contents [% d.m.] in Lupi-
nus luteus seeds stored at 0°C, -14°C and room temperatures for 20 years.

%

Storage
conditions Protein Albumin Globulin
+20°C 18.2443.3 233+0.24 14.21+0.57
0°C 33.5742.5 8.410.47 24.95+1.26
-14°C 36.69+1.9 8.26+0.52 26.48+1.49
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» myo-inositol series: — galactinol, digalacto-myo-inosi-
tol,
« pinitol A series: — galactopinitol A, ciceritol, trigalac-
topinitol A,
« pinitol B series: — galactopinitol B, digalactopinitol B,
trigalactopinitol B;
— monosaccharides: fructose, glucose and galactose,
— sucrose,
— cyclitols: myo-inositol, D-pinitol, D-chiro-inositol.
Raffinose family oligosaccharides were the main soluble
carbohydrates in seeds stored at -14°C and 0°C. Sucrose
prevailed in seeds stored at +20°C. The level of RFO in the
last mentioned seeds was about four times lower and the
amount of sucrose three times higher, compared to seeds
subjected to ‘cold storage’ (-14°C and 0°C). The total car-
bohydrates level was similar in all seeds (Table 3). Similar-
ly, all seeds, irrespective of the storage conditions, contai-
ned similar amounts of total galactosyl cyclitols (12.4+0.1
mg/g d.m.). The galactosyl cyclitols composition differed
however, across the seeds. Seeds stored at room temperatu-
re were characteristically poor in high molecular mass ga-
lactosyl cyclitols and contained high amounts of the sim-
plest members of this metabolite group (i.e. galactinol, ga-
lactopinitol A, galactopintol B). Trigalactopinitol A (the
largest of the molecules studied here) occurred in these se-
eds only at trace level. The contents of galactosyl cyclitols
with intermediate molecular masses (i.e. ciceritol, digalac-
to-myo-inositol and digalactopinitol B) were also apprecia-
bly lower in seeds stored at room temperature, compared to
those stored at 0°C and -14°C (no differences in galactosyl
cyclitol levels occurred across seeds subjected to both the-
se ‘cold storage’ regimens). Seeds stored at room tempera-
ture were characterised by high level of reducing sugars
and cyclitols (mainly D-chiro-inositol and myo-inositol).
The sucrose/RFO ratio was the same (0.26) across seeds
subjected to cold storage (0°C and -14°C). This ratio was
15 times higher in seeds stored at 20°C.

Seed coat structure

The following tissue layers could be identified on cross
sections of seed coat (testa): macrosclereids, microsclere-
ids, parenchyma cells (Fig. 1), with 100 pm, 25 pm and 50
pm thickness, respectively. Seed storage did not affect the
thickness of tissue layers, however it did affect seed coat
surface. In seeds stored at 0°C the macrosclereids aggrega-
ted in groups with irregular, polygonal sections and diame-
ters above 10 pm, leaving empty spaces (pits), 2-3 pm wide.
The appearance of macrosclereid layer in these seeds was
practically indistinguishable from the macrosclereid layer
of freshly harvested seeds. In testa of seeds stored at
-14°C macrosclereid groups had more irregular shapes and
were more extended, whereas the pits were 1.5-3 times wi-
der compared to such features of seeds stored at 0°C. Testa
surface of seeds stored at room temperature was characteri-
sed by the occurrence of an amorphic substance filling the
pits between macrosclereid groups and — in some small
areas — detaching the cell walls.

DISCUSSION

In order to withstand long storage, seeds should have low
water content and their cells should adopt the glassy state.
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TABLE 3. Carbohydrates composition and contents [mg/g d.m.] in Lupinus luteus seeds stored at different temperature (data are expressed as the mean of

3-5 independent repeats + SD).

Temperature storage

Carbohydrates

+20°C 0°C -14°C

Raffinose family oligosaccharides
Raffinose 3.87+0.24 8.98+0.24 8.67£0.36
Stachyose 18.97+1.53 53.24+3.53 52.57+3.57
Verbascose tr 42.54+2.24 42.27+1.92
Galactosyl cyclitols
Galactinol 2.34+0.09 1.32+0.21 1.25+0.24
Digalacto-myo-inositol 0.26£0.05 0.79+0.07 0.86%0.16
Galactopinitol B 2.34+0.31 0.86+0.11 0.87+0.09
Digalactopinitol B 0.37+0.27 0.91£0.07 0.97+0.10
Trigalactopinitol B galac- tr tr tr
topinitol A 4.56+0.37 2.47+0.47 2.34+0.33
Ciceritol 2.34+0.16 3.37+0.33 3.86+0.06
Trigalactopinitol A tr 2.67£0.41 2.37+0.18
Monosaccharides and sucrose
Glucose 4.23+0.51 0.06+0.01 0.07+0.02
Fructose 7.61+0.64 0.67+0.03 0.69+0.07
Galactose 5.34+0.34 0.04+0.04 tr
Sucrose 88.24+6.57 27.68+2.34 26.98+1.97
Cyclitols

D-pinitol 1.69+0.68 1.06£0.04 1.01+0.06
D-chiro-inositol 0.67+0.07 0.37+0.06 0.36+0.08
myo-inositol 3.64£0.42 1.98+0.27 1.77+0.16
Sum of RFO [mg/g] 22.84 104.76 103.51
Sum of soluble sugars [mg/g] 146.47 149.01 146.91
Sucrose/RFO 3.86 0.26 0.26

The mode of water binding in seeds seems to be a very im-
portant factor for seed longevity, and it depends on tempe-
rature (Walters 2004). Three ‘zones’ of hydration level can
be distinguished in starchy seeds: I (4-11% water), I (12-
-21% water) i III (22% water and above). The level of seed
hydration is the main determinant of seed damage at free-
zing temperatures (-18°C to -180°C) (Vertucci 1989).
Within zone I, water is tightly bound to the surface of
macromolecules. Such water, when cooled, does not form
ice crystals. Seeds studied here had low hydration level
(8.8%), however, like soybean, lupin seeds are not ‘star-
chy’. Hydration zone I for soybean has been determined
and it is above 5%, so seeds studied here could belong to
hydration zone II. The glassy state adoption by seed cells is
believed to inhibit the deteriorative processes by limiting
the cytoplasm fluidity and mobility (Williams and Leopold
1989; Leprince and Walters-Vertucci 1995; Sun 1997).
With increasing temperature and hydration level, seed cells
undergo a transition to semi-liquid and liquid state, and it
results in accelerated seed deterioration and decline of ger-
mination ability (Sun and Leopold 1993; Leopold et al.
1994). Raffinose family oligosaccharides are among the
factors imposing the glassy state on seed cells (Buitink et
al. 2000). These carbohydrates are accumulated in lupin se-
eds as their main storage compounds. Decreasing RFO le-
vels correspond to accelerated seed ageing and seed viabi-
lity depression (Tabs 1 and 3). Seeds stored at +20°C accu-

mulated high levels of sucrose and reducing sugars and this
further raised sucrose/RFO ratio. Low sucrose/RFO ratio
was described as characteristics of seeds with high longevi-
ty (Piotrowicz-Cieslak 2005). The results shown here sug-
gest that in addition to RFO, high molecular weight galac-
tosyl cyclitols may also condition lupin seeds storability.

During seed storage at room temperature the level of se-
ed proteins, albumins and globulins, dropped (Table 2).
Proteins are the main storage material in lupin seeds and
they occur in lupin at record high level among legumes
(Blanner et al. 2003). The amount of proteins is genetically
determined, but strictly controlled by culture conditions,
such as climate, soil, fertilizers and other agrotechnical fac-
tors. Thus, protein concentration in lupins is not steady
(Faluyi et al. 2000; Erba et al. 2005). In experiments pre-
sented here, the highest protein content was detected in se-
eds stored at -14°C and 0°C, whereas in seeds stored at
20°C it was reduced by nearly 50%. The main lupin prote-
ins are globulins and albumins (Salmonowicz 2000). Both
protein fractions deteriorate in seeds stored at +20°C. Glo-
bulins make up 60 to 80% of proteins (Erba et al. 2005),
and serve mainly as storage material (Muntz et al. 2001;
Shutov et al. 2003).

Albumins constitute up to 20% total protein and serve to
a large extent as enzymes (Salmonowicz 2000). Storage of
lupin seeds at room temperature did not affect the contents
of either albumins or globulins, although it did decrease
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Fig. 1. Lupinus luteus cv. Iryd seed surface sculpture — scanning electron micrographs of seed surface (A, B, C, D) and cross sections (A’, B’, C’, D’) of
the seed coat. A, A’ — seeds stored for 20 years at room temperature (approx. +20°C); B, B’ seeds stored for 20 years at -14°C; C, C’ seeds stored for 20
years at 0°C; D, D’ freshly harvested seeds. The bar shows the scale.
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their levels. The levels of these protein fractions in seeds
stored at -14°C and 0°C were very similar.

The obtained results show that although seeds stored at
-14°C and 0°C did not differ in physiological or biochemi-
cal characteristics, the ultrastructure of testa was different.
In seeds stored at -14°C the integrity of seed coat was lost
to some extent (which is evident when micrographs of testa
seeds stored at both -14°C, 0°C and freshly harvested seeds
are compared). The differences in seed coat structure be-
tween seeds stored at 0°C and -14°C evidently did not affect
the performance of these seeds. However, it is known, that
testa fracture and excessive permeability can be destructive
at the beginning of legume seed germination, as it leads to
soaking injury (Bewley and Black 1994). Therefore, consi-
dering both economic reasons and observed initial symp-
toms of seed coat deterioration, O°C rather than -14°C se-
ems to be the most suitable temperature for storage of lupin
seeds over very long periods of time (over 20 years).

To our knowledge, no recommendations for such long
storage of lupin seeds have been published so far. For me-
dium duration storage (several years) of various seeds, it is
advised to reduce their hydration level to 5% and the tem-
perature to 0-5°C. For long term storage of various seeds it
is recommended to decrease their hydration level to 5%
and the temperature to -80°C or lower, even down to
-196°C (Stanwood and Sowa 1995). On the other hand, in
some seeds such low storage temperatures are not necessa-
ry. Cereal (barley and oats) kernels stored in tightly closed
containers at 10-15°C at low hydration level after 110 ye-
ars retained high viability (90% and 80%, respectively;
Steiner and Ruckenbauer 1996).

The seeds used in experiments reported here had 8.8%
water content (conf. Materials and Methods). For this ma-
terial, storage temperatures -14°C and 0°C seem equally
good with respect to seed vigour, viability and chemical
composition. Therefore both 0°C and -14°C temperatures
can be recommended for storage of lupin seeds over pe-
riods of up to 20 years, although, considering the economic
factor (cost of storage), 0°C seems most advisable.
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