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Abstract Seeds of beech (Fagus sylvatica L.) that have

been subjected to dormancy breaking consisting of

10 weeks of prechilling at 3 �C and 34 % water content

(WC) and then desiccation to 10 % WC, are non-dormant

(ND). ND seeds are characterised by greater sensitivity to

storage conditions, than no prechilled, dormant (D) seeds.

The aim of the present work was to investigate factors

affecting the loss of seed viability during storage of D and

ND beech seeds at different temperatures (4 and 20 �C)

and humidity levels (45 and 75 % RH) for 3 weeks. In

general, both D and ND seeds maintained a high germi-

nation capacity after storage at 4 �C. At 20 �C and 45 and

75 % RH the germination capacity of D seeds diminished

to 80 and 28 %, respectively. Under the same conditions,

ND seeds lost germination capacity to a greater degree,

with only 62 and 7 % germinated seeds, respectively. At

20 �C, an increase in production of reactive oxygen species

was observed, and the increase was significantly higher in

ND seeds. The loss of germination capacity was coincident

with an increase in electrolyte leakage and accumulation of

free fatty acids, which suggests that membrane deteriora-

tion was the cause of the decline in germinability. ND

seeds stored at 20 �C and 45 and 75 % RH showed a

greater decrease than D seeds in contents of the primary

phospholipids phosphatidylcholine (PC) and phosphati-

dylethanolamine (PE) as well as in polyunsaturated fatty

acids (18:2 and 18:3). ND seeds possessed more unsatu-

rated fatty acids, especially 18:3, than D seeds in the

phospholipid fraction before storage. D seeds were char-

acterised by a significantly higher level of a-tocopherol and

UV-absorbing phenols. The level of ascorbate was similar

in D and ND seeds. D seeds contained glutathione in both

reduced (GSH) and oxidised (GSSG) forms, and GSSG

dominated GSH. ND seeds contained more GSSG form

than D seeds. We concluded that the membranes of ND

seeds are exposed to greater oxidative stress during storage

due to higher levels of unsaturation and lower levels of a-

tocopherol, the main antioxidant that protects membranes

against free radical attack.
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Introduction

The process of seed germination is strongly affected by

environmental factors, which can significantly alter the rate

and success of germination. Cold stratification is a method

routinely utilised to maximise the germination potential of

seeds (Yamauchi et al. 2004; Narsai et al. 2011). Seeds of

woody plants are characterised by a deep dormancy, and it

is often difficult to obtain a high percentage of seedlings

from these seeds in nurseries. In temperate climates, spring

often brings drought in combination with high tempera-

tures, which can disturb the process of breaking dormancy.

In view of the changing climate, this issue is particularly

important. One method that leads to a high percentage of

germination in nurseries, recommended for beech and

seeds of other species by Suszka et al. (1996), is special

preparation before sowing under conditions, particular to

each type of seeds, that break dormancy, but hinders rad-

icle protrusion. The prepared seeds, which had been
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released from dormancy but were still ungerminated are

dried to approximately 10 % water content (WC) and

stored at low temperatures (-3 to -10 �C). When the

seeds are sowed in a nursery, a high percentage of germi-

nation is rapidly reached. However, after dormancy

breaking and drying, seeds cannot be stored for as long as

normal, dormant seeds. The causes of this phenomenon

have not been investigated. However, Bentsink et al.

(2006) showed that mutations within the DOG1 gene,

which controls the dormancy of Arabidopsis seeds, were

associated with seed longevity phenotype and indicated,

that the absence of dormany may be a factor that reduces

seed longevity. The molecular studies of Narsai et al.

(2011), using 22 K Arabidopsis genome microarrays,

showed that stratification is very important in the prepa-

ration of seeds for the germination process. The authors

showed that the upregulation of transcripts encoding pro-

teins involved protein synthesis and hormone metabolism

occurred during the stratification period and that at the end

of stratification, mitochondrial DNA synthesis and RNA

processing began. In addition, the proteomic studies of

Pawlowski (2007) on Fagus sylvatica seeds indicated that

breaking dormancy involves proteins involved in many

processes, beginning with hormone signal initiation,

through signal transduction, transcription, protein synthe-

sis, energy metabolism, and storage materials, and ending

with the cell cycle. The arrest of many processes by des-

iccation of seeds after dormancy release but before ger-

mination can affect their sensitivity to storage conditions.

The common beech (F. sylvatica L.) is one of the most

important broadleaved species in European forestry. Beech

is propagated by seeds, but its seed set is irregular, with

5–10 years between good crops (Suszka et al. 1996).

Consequently, it is necessary to store the seeds and to

obtain a high germination percentage in nurseries. Seeds of

beech belong to the suborthodox (intermediate) category of

storage behaviour (Gosling 1991; León-Lobos and Ellis

2002; Pukacka et al. 2003). León-Lobos and Ellis (2002),

on the basis of investigations of beech seed viability during

storage under varied temperature and moisture conditions,

established that the optimal temperature and moisture for

storage of these seeds is 7.8–11.5 % water content and -10

to -20 �C. Pukacka et al. (2003) confirmed that these

conditions are optimal through investigations of glass for-

mation in embryonic axes of beech seeds and found that

water sorption by these organs is greater than in cotyle-

dons. The results suggested that in beech seeds, water

content levels are the main cause of their sensitivity to

storage conditions. It is thought that molecular mobility,

which may be one of the main parameter that affects

ageing (Buitink et al. 2000; Walters et al. 2005), is higher

in embryonic axes because of the higher water content of

these tissues. Thus, the processes accompanying seed

ageing (mainly free-radical reactions) are more intensive in

embryonic axes and, in effect, lead to the loss of germi-

nation capacity, which was confirmed by Pukacka and

Ratajczak (2005) and by Ratajczak and Pukacka (2005).

Seed ageing processes are controlled by temperature and

moisture conditions and may be associated with various

metabolic and biophysical alterations (Bailly 2004; Walters

1998; Walters et al. 2005, 2010, Ballesteros and Walters

2011). The accumulation of reactive oxygen species (ROS)

is often indicated as the prime cause of seed deterioration

(Bailly 2004; Pukacka and Ratajczak 2007). Cellular

membranes are proposed to be one of the primary sites of

injury during desiccation and storage of seeds (Pukacka

1991; Mc Donald 1999; Bailly 2004). This damage is

mediated by oxidative attack, which promotes phospho-

lipid degradation and the loss of membrane organisation

(Pukacka and Ratajczak 2005, 2007). The antioxidative

system plays a crucial role in protection of membranes and

other cellular macromolecules in dry seeds. Low molecular

weight antioxidants, which are directly able to detoxify

ROS and free radicals, are particularly important. The very

abundant membrane-associated antioxidant a-tocopherol

plays an important role in membrane protection against

ROS by limitation of non-enzymatic lipid oxidation during

seeds storage (Sattler et al. 2004). Phenolic compounds,

especially flavonoids, are also known to play a protective

role for membranes (Hoekstra et al. 2001, Stevenson and

Hurst 2007). These compounds appear in all seed organs

and in embryos, where they protect cells against ROS and

limit lipid peroxidation. Scavenging of ROS is also known

to be undertaken by ascorbic acid (ASA) and glutathione,

but these compounds may play a rather limited role in

protecting dry seeds against ageing (Bailly 2004; Pukacka

and Ratajczak 2007). However, Kranner et al. (2006)

indicated that decrease of seed viability during ageing is

tightly connected with the increase of half-cell reduction

potential of glutathione (EGssG/2GSH).

Fagus sylvatica seeds are characterised by deep embryo

dormancy which requires 10–12 weeks of moist chilling at

?3 �C and 37–39 % WC for germination (Suszka et al.

1996). Restricted WC (32–34 %) allows dormancy to be

released and delay readicle protrusion. After dormancy

release, beech seeds can be dried to 10–12 % WC without

loss of viability. In such a state, they can be stored at

-3 �C for several months and will be ready for germina-

tion after imbibition. However, storage time is limited and

lasts no longer than 1 year (Pukacka, unpublished). The

aim of the present study was to establish the putative

causes of the diminished storability of beech seeds after

dormancy release. We focused on ROS production and

membrane status during storage of dormant (D) seeds and

in seeds after dormancy release (ND) under different

temperature and moisture conditions and on the status of
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low molecular weight antioxidants in seeds before and after

dormancy breaking and desiccation.

Materials and methods

The seeds of beech (F. sylvatica L.) were collected after

shedding, from a single tree growing in the Arboretum of

Kórnik (Poland) in 2009. They were dried at 18 �C and

60–70 % RH to 8–9 % WC and then stored at -10 �C in

sealed aluminium foil bags until use.

Dormancy release and desiccation of non-dormant

seeds

A portion of the seeds was remoistened to 34 % WC with

distilled water according to Suszka et al. (1996) and then

kept in boxes at ?3 �C. Seed moisture content was checked

every few days. After 10 weeks of prechilling, the seeds

which were still ungerminated, were recognised as non

dormant (ND), and in this point, they were desiccated at

15 �C and 40–60 % RH to ca. 10 % WC and kept at -3 �C

in tightly sealed polyethylene bags until use. The second

portion, dormant (D) seeds, were also transferred from

-10 �C and kept at the same temperature at this point.

Ascorbic acid (ASA) assays

The level of ASA and its oxidised product DHA were

assayed according to Kampfenkel et al. (1995). Four

samples each consisting 15 embryonic axes and five

cotyledons of D or ND seeds were taken for analyses. The

extraction was performed in 6 % TCA (w/v) in an ice bath.

The assay is based on the reduction of Fe3? to Fe2? by

ASA in an acidic solution. Fe2? forms complexes with

bipyridyl, giving a pink colour with the maximum absor-

bance at 525 nm. Total ascorbate was determined after

reduction of DHA to ASA by dithiothreitol (DTT) and

DHA level was calculated from the difference between

total ASA and ASA (without pretreatment with DTT).

Glutathione assays

Glutathione in the reduced (GSH) and oxidised (GSSG)

forms was assayed according to Smith (1985). Four sam-

ples each consisting of 50 embryonic axes or 10 cotyledons

of D or ND seeds were homogenized in 5 % (w/v) sulfo-

salicylic acid in an ice bath and centrifuged at 10,000g and

4 �C for 20 min. A 1 ml aliquot of the supernatant was

removed and neutralised by adding 1.5 ml of 0.5 M K-

phosphate buffer pH 7.5. This sample was used for the

determination of total glutathione (GSH ? GSSG).

Another 1 ml of neutralised supernatant was pre-treated

with 0.2 ml of 2-vinylpyridine for 1.5 h at 25 �C to mask

GSH and to allow determination of GSSG alone. Both

samples were extracted twice with 5 ml of diethylether.

The incubation mixture contained: 0.5 ml of 0.1 M sodium

phosphate buffer (pH 7.5) containing 5 mM EDTA, 0.2 ml

of 6 mM 5,50-dithiobis-(2-nitrobenzoic acid), 0.1 ml of

2 mM NADPH, 0.1 ml (1 unit) of glutathione reductase

type III (Sigma, Poland), and 0.1 ml of extract. The change

in absorbance at 412 nm was observed at 25 �C. A stan-

dard curve was prepared by using a GSH (Sigma-Aldrich)

standard.

Determination of UV-absorbing phenols

Samples of 50 embryonic axes or 20 cotyledons of D or

ND seeds were extracted in 10–20 ml of ethanol: water

(80:20; v/v) solvent at 80 �C, according to Lois (1994).

The extracts were clarified by centrifugation (16,000g) for

10 min at 4 �C. A spectral scan of UV-absorbing phenols

was carried out with ethanolic extracts using a spectro-

photometer (Shimadzu). Changes in UV-absorbing phenols

were estimated by quantifying absorbance at 265 nm

(characteristic for flavonoids) on 10 axes or one cotyledon.

The effect of storage at different temperatures

and humidities on viability of D and ND seeds

To investigate the effect of temperature and humidity,

aliquots from the batches of D and ND seeds were stored

for 1 week at two humidity levels, 45 and 75 % RH

(established above respective saturated salt solutions of

K2CO3 and NaCl) (Sacandé et al. 2000), and at two tem-

peratures 4 and 20 �C. Following the 1 week period, seeds

were placed in laminated aluminum foil bags, hermetically

sealed and stored for an additional 2 weeks at the respec-

tive temperatures. After this time, the samples of untreated

(controls) and stored seeds, 2 9 100 seeds each from each

variant, were allowed to germinate at 3 �C, after previous

hydration at 100 % RH through 24 h, between moist rolled

paper towels in separate boxes. Germination counts were

made every week, and germinated seeds were removed

upon counting (ISTA 1999). The germination of seeds was

checked until the 26th week of stratification, as was

described by León-Lobos and Ellis 2002. All seeds that had

not germinated after this time were acknowledged as dead.

Electrolyte leakage

Three samples of 20 embryonic axes or 10 cotyledons each

of D and ND seeds, before and after incubation at 4 and

20 �C and 45 and 75 % RH, were extracted from the

pericarp and seed coats and then were placed in 10 ml of

deionised water. The conductivity of the solutions was
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measured after 24 h of incubation at room temperature

according to Pukacka and Ratajczak (2005). The results

were expressed as a percentage of the untreated control.

ROS determination

ROS determination was conducted on D and ND seeds

before (control) and after incubation at 4 and 20 �C and 45

and 75 % RH.

Superoxide production by seeds was assayed by their

capacity to reduce nitroblue tetrazolium (NBT) in the dark

at room temperature, as described by Doke (1983). Four

samples, each containing five embryos were incubated in

3 ml of 0.05 M K-phosphate buffer, pH 7.8, containing

0.05 % NBT and 10 mM NaN3, at room temperature in the

darkness, by 30 min. After that time, 2 ml of solution for

each sample was warmed by 15 min on the water bath, and

then cooled on the ice bath. The absorbance of the end

product was measured at 530 nm. O2
- formation was

expressed as DA530/g DW of the sample.

For determination of hydrogen peroxide, samples con-

taining of five seeds each were ground to a fine powder in

liquid nitrogen. They were then homogenised with 5 ml of

5 % (w/v) trichloroacetic acid (TCA) containing 10 mmol/

l EDTA. The homogenate was centrifuged at 4 �C at

12,000g for 20 min. For hydrogen peroxide determination

0.5 ml of supernatant was analysed using the ferrithiocy-

anate method according to Sagisaka (1976).

Lipid extraction and analyses of phospholipids, fatty

acids (FA), free fatty acids (FFA) and a-tocopherol

Phospholipids, FA and FFA were determined in D and ND

seeds before (control) and after incubation at 4 and 20 �C

and 45 and 75 % RH. a-Tocopherol, the other low

molecular weight antioxidants was assayed only in non-

incubated seeds. Samples of 50 embryonic axes or 20

cotyledons each were subjected to lipid extraction using

chloroform: methanol (2:1, v/v) supplemented with 0.05 %

butylated hydroxytoluene (BHT), according to Allen et al.

(1966) and as described by Pukacka (1991). Aliquots of

lipid extracts were separated on Sep-Pak silica cartridges

(Waters Associates) according to Juaneda and Rocquelin

(1985) and polar lipid (PL) containing mainly phospho-

lipids and neutral lipid (NL) fractions were obtained.

Phospholipids and their fatty acids were determined in

aliquots of PL fractions. Particular phospholipids were

determined in aliquots of PL fractions by separation on

silica gel TLC plates (Merck) in a solvent containing

chloroform:methanol:acetic acid:water (85:15:10:3.5, v/v/

v/v) (Nichols et al. 1965), with the use of original

phospholipid standards. Spots containing phospholipids

were detected with iodine vapour and were scraped off for

phosphorus analysis. The phosphorus content of spots was

estimated according to Ames (1966). Samples of PL with

heptadecanoic acid (17:0) as the internal standard were

saponified and methylated according to Metcalfe et al.

(1966). They were separated using a Hewlett Packard gas

chromatograph equipped with a Supelco 2330 capillary

column (30 m 9 0.25 mm) at 220 �C (in isotherm) with

He as the carrier gas.

The a-tocopherol and FFA contents were determined in

aliquots of the total lipid fractions according to Kendal and

McKersie (1989) after the silylation of samples with

BSTFA (N–O-bis-trimethylsilyl-trifluoro-acetamide) and

pyridine at room temperature in darkness. Silylated sam-

ples and internal standards (heptadecanoic acid 17:0 and a-

cholestan) were separated on the gas chromatograph with a

SPB 1 (Supelco) microcapillary column and identified by

comparing retention times with those of authentic stan-

dards. Quantities of FFA were the sum of myristic ? pal-

mitic ? stearic ? oleic ? linoleic ? linolenic acids in the

total lipid extract. The results were expressed as a per-

centage of non-treated control. The concentration of a-

tocopherol was expressed in lg g-1 DW.

Statistical analysis

Data are presented as the mean ± standard deviation of

four or three replicates. The significant differences between

D and ND seeds, or between unstored and stored seeds,

were tested using an analysis of variance (ANOVA).

Levels of significance are indicated as *P \ 0.05 and

**P \ 0.01.

Results

After release from dormancy and drying to 10 % WC, ND

seeds contained a slightly greater amount of ASA and

DHA in embryonic axes compared to D seeds. In cotyle-

dons, the content of this antioxidant was similar for both

types of seeds (Fig. 1a). Dormant and non-dormant seeds

differed in glutathione contents. In embryonic axes and

cotyledons of ND seeds, oxidized form of glutathione

occurred in higher level than in D seeds (Fig. 1b). ND

seeds were characterised by significantly lower levels of a-

tocopherol than D seeds, 131 and 256 lg DW-1 in

embryonic axes and 104 and 212 lg DW-1 in cotyledons,

respectively (Fig. 1c). The level of UV-absorbing phenols

at 265 nm was also significantly higher in embryonic axes

and cotyledons of D seeds (Fig. 1d).

Storage of ND and D beech seeds for 3 weeks at 4 and

20 �C and 45 and 75 % RH showed that ND seeds are

more sensitive to storage conditions than D seeds. Both D

and ND seeds stored at 4 �C showed a high rate of
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germination (94–89 %), nearing that of the unstored con-

trol. After storage at 20 �C and 45 % RH, D seeds showed

an 80 % germination rate, while ND seeds showed a 62 %

germination rate. After storage at 20 �C and 75 % RH,

germinability of D seeds decreased to 28 %, while that of

ND seeds decreased to 7 % (Fig. 2a, b). The storage con-

ditions also had an effect on the beginning of seed ger-

mination. Stored D seeds started to germinate earlier than

non-stored control seeds, in contrast to stored ND seeds,

which started to germinate later than non-stored control

seeds. The decrease in germination capacity was accom-

panied by an increase in electrolyte leakage (Fig. 3) and an

increased level of ROS (superoxide and hydrogen perox-

ide) (Table 1). In the case of D seeds, the increase in

electrolyte leakage in embryonic axes and in cotyledons

was visible only after storage at 20 �C and 75 % RH, while

in the case of ND seeds the increase in electrolyte leakage

was visible at 20 �C and both 45 and 75 % RH. ROS

production was analysed in whole embryos. Compared to

D seeds, the levels of superoxide anions and hydrogen

peroxide in ND seeds were significantly higher after stor-

age at 20 �C and 45 and 75 % RH. In addition, in control

seeds (before temperature and humidity treatment), the

level of ROS was slightly higher compared with ND seeds

and decreased in seeds incubated at 4 �C. Strong negative

correlations were noticed between germination capacity

and superoxide and hydrogen peroxide contents in both D

and ND seeds stored under various temperature and

moisture conditions (Table 2). The FFA content was

determined before and after storage of ND and D seeds

under different temperature and humidity conditions. The

level of FFA in D seeds was significantly higher (33 %)

than in control seeds only under conditions of 20 �C/75 %,

in both embryonic axes and cotyledons (Fig. 4). However,

in embryonic axes of ND seeds, the FFA content increased

27, 77 and 85 % in comparison with the control under

conditions of 4/75, 20/45 and 20 �C/75 %, respectively. In

cotyledons, the FFA content increased 20 and 83 % under

conditions of 20/45 and 20 �C/75 %, respectively. Table 3

shows the differences in membrane lipid components

(phospholipids and fatty acids) in D and ND seeds before

storage at different temperature and moisture conditions.

Dormancy release caused a significant decrease in the level

of phosphatidylcholine (PC) and an increase of phospha-

tidic acd (PA) in embryonic axes and cotyledons and a

decrease in phosphatidylglycerol (PG) in embryonic axes

only. In embryonic axes of ND seeds, the level of linolenic

acid (18:3) was significantly higher than in D seeds, while

the level of oleic acid (18:1), was significantly lower. The

levels of the primary phospholipids PI (phosphatidylino-

sitol), PC, PE (phosphatidyletanolamine) and PG in

embryonic axes and cotyledons of D and ND seeds before

and after storage under different temperature and humidity

conditions are presented in Fig. 5a, b, c, and d and in

Table 4. In ND seeds, a significant decrease in the phos-

pholipids PC and PE was found under conditions of 20/45

and 20 �C/75 % (to 65.1 and 46.2 % for PC and to 66.9

and 47.5 % respectively for PE, compared to the control in

embryonic axes, and to 76.2 and 63.8 % for PC and 75.5

and 58.0 %, respectively, for PE in cotyledons. In the case

of D seeds, the decline in PC and PE contents was much

smaller (to 87.8 and 81.0 % for PC and 72.2 and 63.55 %,

respectively, for PE in embryonic axes and to 89.3 and

82.5 % for PC and 88.7 and 70.8 % for PE, respectively,

Fig. 1 Low molecular weight

antioxidant contents: ascorbate

(ASA) (a) glutathione (GSH)

(b), a-tocopherol (c), and

ultraviolet absorbing phenols

(d) in embryonic axes and

cotyledons of dormant (D) and

non-dormant (ND) F. sylvatica

seeds. Data are means of three

replicates ± SD
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compared to the control in cotyledons. The changes in fatty

acids of the PL fraction are presented in Fig. 6a, b, c and d,

and in Table 5. The largest decrease in the content of

unsaturated fatty acids occurred in embryonic axes and

cotyledons of ND seeds after storage under conditions of

20/45 and 20 �C/75 %, to 65.0 and 44.8 % for 18:2 and

58.4 and 41.6 for 18:3, respectively, in embryonic axes and

to 76.8 and 57.8 % for 18:2 and 71.4 and 57.1 % for 18:3,

respectively, compared to the control, in cotyledons. In D

seeds, the decrease in polyunsaturated fatty acid contents

was markedly smaller. The polar lipid fraction contained

mainly phospholipids.

Discussion

Beech seeds, similarly to other orthodox seeds, remain

tolerant to desiccation after release from dormancy until

the beginning of radicle protrusion (Buitink et al. 2003,

2006). Our results showing the germination capacity of

beech seeds after 10 weeks of prechilling at 3 �C and 34 %

WC, after desiccation to 10 % WC confirmed this previous

finding (Fig. 2b) (control). The aim of the present study

was to determine the causes of the greater decline in via-

bility of beech seeds during storage after dormancy release

and desiccation, in comparision with dormant seeds stored

under similar conditions. Seed ageing is influenced by two

environmental factors, humidity (RH) and temperature. On

the basis of our previous studies (Pukacka and Ratajczak

2005; Ratajczak and Pukacka 2005) showing the effect of

variations in storage temperatures and RHs on the viability

of beech seeds, we chose temperatures of 4 and 20 �C and

humidity levels of 45 and 75 % RH for 3 weeks of storage

as the conditions for controlled deterioration (CD) of D and

ND seeds. The germination capacity in these conditions

clearly showed that ND seeds are more sensitive to storage

than D seeds. The increase in electrolyte leakage accom-

panying the decrease in viability of seeds suggests that

membrane destruction could be the main cause of the

decline in viability of seeds during storage at higher tem-

perature and humidity and that the underlying cause is

oxidative stress. Similar cellular damage has been identi-

fied in seeds of other species of intermediate category, such

as neem and coffee stored under similar temperature and

humidity conditions (Sacande et al. 2001, Dussert et al.

2006). Analyses of ROS, the cause of oxidative stress in

cells, superoxide anions and hydrogen peroxide contents,

showed that in ND seeds, the production of these molecules

was significantly higher than in D seeds under storage

conditions of 20 �C and 45 and 75 % RH (Table 1). A

strong negative correlation was evident between germina-

tion capacity and ROS production in D and ND seeds

Fig. 2 The germination capacity of dormant (a) and non-dormant

(b) F. sylvatica seeds after 3 weeks of storage at 4 and 20 �C and 45

and 75 % RH

Fig. 3 The electrolyte leakage from embryonic axes and cotyledons

of dormant and non-dormant F. sylvatica seeds after 3 weeks of

storage at 4 and 20 �C and 45 and 75 % RH. The results are expressed

as a percentage of non-treated control. Data are means of three

replicates ± SD
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stored at different temperature and humidity levels

(Table 2). Our previous research (Pukacka et al. 2003)

showed that beech seeds stored at 45 and 75 % RH differ

substantially in WC of embryonic axes. In the present

study, the WC of embryonic axes of D seeds change for

0.07–0.08 g g-1 DW at 45 % RH to 0.13–0.14 g g-1 DW

at 75 % RH. In cotyledons, the WC reached ca 0.05 and

0.08 g g-1 DW, respectively. The WC in ND seeds did not

differ significantly. Nevertheless, storing seeds at higher

WC and temperature evoked greater production of ROS in

ND seeds compared to D seeds. The increase in ROS

production in both D and ND seeds stored at 20 �C and 45

and 75 % RH could be evoked by the occurrence of free

radical chain reactions initiated at higher WC levels and

higher temperatures in embryonic axes. Such reactions

were not visible at 4 �C. The increase in ROS production

was accompanied by an increase in electrolyte leakage

from embryonic axes and cotyledons and changes in

membrane lipid components. In addition to the greater

intensity of oxidative stress during the incubation of ND

seeds, membranes of ND seeds may be more sensitive to it.

Their greater sensitivity is visible in changes in the

phospholipid composition, as well as in the content of

unsaturated fatty acids in ND seeds before storage

(Table 3) after dormancy breaking and desiccation. The

increase in fatty acid unsaturation in the PL fraction may

be the result of gibberellin activity during dormancy

release (Grindstaff et al. 1996; Fernandez et al. 1997).

Enzymatic modification of phospholipids is also possible

during the cold stratification of seeds (Hallet and Bewley

2002). Along with peripheral membrane proteins, phos-

pholipids play a part in signal transduction, leading to

germination. Such changes could have an effect on the

sensitivity of ND seed membranes to the increased levels

of ROS attack. One of the consequences of increased ROS

attack on the membranes is lipid peroxidation and

phospholipid de-esterification (McKersie et al. 1988; Van

Bilsen et al. 1994). The results of this study showed that the

levels of FFA, the products of phospholipid de-esterifica-

tion and neutral lipids hydrolysis due to free radical attack

(McKersie et al. 1988; Dussert et al. 2006; Pukacka et al.

2011), were coincident with changes in seed viability. The

FFA content increased more rapidly in embryonic axes of

ND seeds stored at 20 �C and 45 and 75 % RH as well as at

4 �C and 75 % RH. In cotyledons, the increase in FFA

content was very clearly visible after storage at 20 �C and

75 % RH. Membrane destruction was also evidenced by a

decrease in levels of the primary phospholipids

Table 1 ROS (superoxide radicals and hydrogen peroxide) level in dormant (D) and non-dormant (ND) F. sylvatica seeds before (NT) and after

3 weeks of storage at 4 and 20 �C and 45 and 75 % RH

Seeds NT 4/45 4/75 20/45 20/75

O2
- (E530 g-1 DW)

D 0.22 ± 0.02 0.24 ± 0.01 0.26 ± 0.03 0.30 ± 0.02 0.39 ± 0.02

ND 0.36 ± 0.01 0.20 ± 0.01 0.28 ± 0.02 0.43 ± 0.04** 0.52 ± 0.02*

H2O2 (lg g-1 DW)

D 1.20 ± 0.03 1.23 ± 0.02 1.26 ± 0.01 1.45 ± 0.03 1.85 ± 0.02

ND 1.63 ± 0.07 1.02 ± 0.01 1.62 ± 0.04 2.48 ± 0.04** 3.20 ± .0.6**

Data are means of four replicates ± SD, * Indicates significance at P = 0.05, ** at P = 0.01, confidence limits (t test), as compared with

dormant

Table 2 The correlation (r) between germination capacity and

superoxide (O2
-) and hydrogen peroxide (H2O2) contents in D and

ND beech seeds stored at 4 and 20� C and 45 and 75 % RH through

3 weeks

D ND

Germination capacity and O2
- -0.9401 -0.9367

P = 0.0000 P = 0.0000

Germination capacity and H2O2 -0.9601 -0.9476

P = 0.0000 P = 0.0000

Fig. 4 Free fatty acids (FFA) contents in embryonic axes and

cotyledons of dormant (D) and non-dormant (ND) F. sylvatica seeds

after3 weeks of storage at 4 and 20 �C and 45 and 75 % RH. The

results are expressed as a percentage of non-treated control. Data are

means of three replicates ±SD
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phosphatidylcholine (PC) and phosphatidylethanolamine

(PE), as well as the contents of polyunsaturated fatty acids

(18:2 and 18:3). This decrease was significantly greater in

the case of ND seeds (Figs. 5, 6; Tables 4, 5). The degree

of degradation of membrane lipid components was

significantly higher in embryonic axes than in cotyledons,

which was coincident with the higher water contents in

these organs. The antioxidative system plays a crucial role

in the protection of membranes and other macromolecules

during the storage of seeds in a dry state. Low molecular

weight antioxidants, which are directly able to detoxify

ROS, are particularly important. The status of low molec-

ular weight antioxidants, such as ascorbic acid (ASA),

glutathione (GSH) in its reduced and oxidised forms, and

a-tocopherol and UV-absorbing phenols, was determined

in D and in ND seeds after desiccation but before storage

under different temperature and humidity conditions. We

expected that the levels of these compounds would be

coincident with the possibility of protection against ROS

during storage of seeds. ASA and GSH are important

antioxidants that react directly with ROS and in the

Halliwell-Asada pathway (Foyer and Noctor 2011). As our

results show, D and ND beech seeds did not differ signif-

icantly in ASA content. In both D and ND seeds, the level

of the reduced form, ASA, was higher than the level of the

oxidised form, DHA. However, our results showed that ND

seeds contained higher level the oxidised form of gluta-

thione (GSSG) than D (Fig. 1b), which was most likely a

result of prechilling and preparation for germination, as

well as desiccation stress. During the above processes,

enchanced production of ROS was observed (Oracz et al.

2009; Pukacka and Ratajczak 2006; Pukacka et al. 2011).

High levels of GSSG can decrease the efficiency of ROS

removal from cells of ND seeds (Bailly et al. 2008). It

Table 3 Particular phospholipid and fatty acid contents in polar lipid

fraction (PL) of embryonic axes and cotyledons, before (D) and after

dormancy breaking and desiccation (ND) of F. sylvatica seeds before

storage

E. axes ND E. axes D Cotyledons

ND

Cotyledons

D

Phospholipid lgPi g-1DW

PI 105.1 ± 4 97.8 ± 8 56.5 ± 5 53.5 ± 3

PC 184.4 ± 2.1* 195.7 ± 1.8 128.4 ± 3.6* 145.5 ± 3.2

PG 24.4 ± 2* 37.9 ± 2 26.4 ± 3 23.7 ± 1

PE 86.7 ± 4 89.4 ± 7 54.3 ± 2 56.5 ± 4

PA 47.0 ± 3* 35.9 ± 4 30.3 ± 2* 24.3 ± 3

Fatty acid mg g-1DW

16:0 1.78 ± 0.03 1.73 ± 0.15 0.53 ± 0.1* 0.76 ± 0.05

18:0 0.17 ± 0. 01 0.19 ± 0.03 0.11 ± 0.02 0.15 ± 0.02

18:1 0.80 ± 0.02* 1.23 ± 0.14 0.63 ± 0.07 0.60 ± 0.06

18:2 3.73 ± 0.04 3.51 ± 0.16 2.68 ± 0.06 2.61 ± 0.2

18:3 0.89 ± 0.03* 0.68 ± 0.05 0.14 ± 0.02 0.14 ± 0.01

Data are mean of three replicates ± SD, * Significance at P = 0.05 confidence

limits (t test), as compared with dormant

PI phosphatidylinositol, PC phosphatidylcholine, PG phosphatidylglycerol, PE

phosphatidylethanolamine, PA phosphatidic acid, 16:0 palmitic acid, 18:0

stearic acid, 18:1 oleic acid, 18:2 linoleic acid, 18:3 linolenic acid

Fig. 5 Changes in the primary

phospholipid contents in

embryonic axes and cotyledons

of dormant (a, b) and non-

dormant (c, d) F. sylvatica

seeds, before (Control) and after

3 weeks of storage at 4 and

20 �C and 45 and 75 % RH. PI

phosphatidylinositol, PC

phosphatidylcholine, PE

phosphatidylethanolamine, PG

phosphatidylglycerol. Data are

means of three replicates ±SD

24 Plant Growth Regul (2014) 72:17–27

123



could also increase the half-cell reduction potential of

glutathione in cells of ND seeds, which may be a part of the

signalling cascade leading to programmed cell death (PCD)

(Kranner et al. 2006). The low molecular weight antioxi-

dant a-tocopherol protects membranes from the harmful

activity of ROS. Sattler et al. (2004), working with mutants

of Arabidopsis thaliana that were unable to synthesise

tocopherols in seeds, showed that a-tocopherol is essential

for seed longevity. Pukacka and Ratajczak (2007) reported

a statistically significant relationship between a-tocopherol

content and viability of beech seeds during natural ageing.

The results presented in this study show that ND seeds

contained significantly less a-tocopherol in embryonic axes

and cotyledons than D seeds. Phenolic compounds, flavo-

noids and coumarins in particular, may also have

antioxidant proprieties (Hernández et al. 2009). The pres-

ence of these compounds may indicate high absorption of

UV at 265 nm by ethanolic extracts from seeds (Harborne

1998). These groups of phenolic compounds include many

effective antioxidants, with antioxidative activity compa-

rable to a-tocopherol (Oliver et al. 1998; Shirley 1998;

Rice-Evans et al. 1997). In ND seeds, the level of UV-

absorbing phenols was also significantly lower than in D

seeds; however, the precise identification of these com-

pounds requires further study.

In conclusion, our research showed that after prechilling

by 10 weeks and desiccation, beech seeds are more sensi-

tive to storage conditions of 20 �C and 45 and 75 % RH

than dormant seeds. The cause of the rapid loss of viability

under these conditions is the greater production of ROS

Table 4 The primary phospholipids: phosphatidylcholine (PC) and phosphatidylethanolamine (PE) contents (% of control) in embryonic axes

and cotyledons of ND and D Fagus sylvatica seeds, after 3 weeks storage at 20 �C and 45 % RF and 20 �C and 75 % RH

Phospholipid Embryonic axes—ND Embryonic axes—D

20 �C/45 %RH 20 �C/75 %RH 20 �C/45 %RH 20 �C/75 %RH

PC 65.1 46.2 86.9 80.2

PE 66.9 47.5 72.2 63.5

Cotyledons—ND Cotyledons—D

20 �C/45 %RH 20 �C/75 %RH 20 �C/45 %RH 20 �C/75 %RH

PC 76.2 63.8 89.3 82.5

PE 75.5 58.0 88.7 70.8

Fig. 6 Changes in fatty acids

contents of polar lipid fraction

of embryonic axes and

cotyledons of dormant (a,

b) and non-dormant (c, d) F.

sylvatica seeds, before (Control)

and after 3 weeks of storage at 4

and 20 �C and 45 and 75 % RH.

Data are means of three

replicates ±SD
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(superoxide radicals and hydrogen peroxide) in cells, and

the lower levels of low molecular weight antioxidants

(glutathione, a-tocopherol and phenolic (flavonoid) anti-

oxidants) in the embryonic axes and cotyledons of these

seeds compared to dormant seeds. Oxidative stress induced

greater destruction of membranes in ND seeds, which led

to cell death. The membranes of ND seeds may be more

sensitive to ROS because of the changes that occur during

the dormancy release and desiccation processes.
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Sacandé M, Golovina EA, van Aelst AC, Hoekstra FA (2001)

Viability loss of neem (Azadirachta indica) seeds associated

with membrane phase behaviour. J Exp Bot 52:919–931

Sagisaka S (1976) The occurrence of peroxide in a perennial plant

Populus gelrica. Plant Physiol 57:309

Sattler SE, Gilliland LU, Magallanes-Lundback M, Pollard M,

DellaPenna D (2004) Vitamin E is essential for seed longevity

and for preventing lipid peroxidation during germination. Plant

Cell 16:1419–1432

Shirley BW (1998) Flavonoids in seeds and grains: physiological

function, agronomic importance and genetics of biosynthesis.

Seed Sci Res 8:415–422

Smith I (1985) Stimulation of glutathione synthesis in photorespiring

plants by catalase inhibitors. Plant Physiol 79:1044–1047

Stevenson DE, Hurst RD (2007) Polyphenolic phytochemicals—just

antioxidants or much more? Cel Mol Life Sci 64:2900–2916

Suszka B, Muller C, Bonnet-Masimbert M (1996) Seeds of forest

broadleaves; from harvest to sowing. INRA, Paris

Van Bilsen DGJL, Hoekstra FA, Crowe LM, Crowe HJ (1994)

Altered phase behavior in membranes of aging dry pollen may

cause imbibitional leakage. Plant Physiol 104:1193–1199

Walters C (1998) Understanding the mechanisms and kinetics of seed

aging. Seed Sci Res 8:223–244

Walters C, Wheeler LJ, Grotenhuis JM (2005) Longevity of seeds

stored in a genebank: species characteristics. Seed Sci Res

15:1–20

Walters C, Ballesteros D, Vertucci VA (2010) Structural mechanics

of seed deterioration: standing the test of time. Plant Sci

179:565–573

Yamauchi Y, Ogawa M, Kuwahara A, Hanada A, Kamiya Y,

Yamaguchi S (2004) Activation of gibberellin biosynthesis and

response pathways by low temperature during imbibition of

Arabidopsis thaliana seeds. Plant Cell 16:367–378

Plant Growth Regul (2014) 72:17–27 27

123


	Factors influencing the storability of Fagus sylvatica L. seeds after release from dormancy
	Abstract
	Introduction
	Materials and methods
	Dormancy release and desiccation of non-dormant seeds
	Ascorbic acid (ASA) assays
	Glutathione assays
	Determination of UV-absorbing phenols
	The effect of storage at different temperatures and humidities on viability of D and ND seeds
	Electrolyte leakage
	ROS determination
	Lipid extraction and analyses of phospholipids, fatty acids (FA), free fatty acids (FFA) and alpha -tocopherol
	Statistical analysis

	Results
	Discussion
	Acknowledgments
	References


