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Seed aging occurs relatively fast in crops and it is a process that delays germination as well as reducing its rate
and even causing total loss of seed viability. Hence, it is a problem for seed banks, farmers and seed companies
that deal with seed storage. The purpose of the research was to unravel genetic, biochemical and molecular
events accompanying natural oilseed rape (Brassica napus L.) seed aging and thus to ﬁnd potential markers of
seed deterioration advancement, in order to facilitate the checking of seed quality and the ability to quickly take
measures to protect them from dying. In this study, it is shown that low seed vigour is characterised by low
intensity of DNA synthesis, which can quickly be measured by means of ﬂow cytometry, changes in RNA quality,
low sugar levels, increased proline content and superoxide dismutase activity, decreased ascorbate peroxidase
activity, as well as abscisic acid content. Furthermore, it is demonstrated that the expression of BnRSH1 and
BnRSH3, encoding for enzymes responsible for metabolism of the eﬀectors of the stringent response (guanosine
tetra- and pentaphosphate) that function in chloroplasts to regulate transcription, translation and metabolites
levels, is downregulated in seeds of low vigour. Besides indicating potential markers of oilseed rape seed quality,
we also propose a mechanism of seed dormancy regulation via the abscisic acid-stringent response module.

1. Introduction

species are conserved in agricultural seed banks and botanic gardens to
provide broad genetic diversity in agricultural crops and prevent the
loss of biodiversity in natural ecosystems. However, germplasm conservation represents a technical and scientiﬁc challenge (reviewed in Fu
(2017)), because, i.a., in long-term storage germplasms will inevitably
lose their viability eventually. Thus, although seeds cannot be saved
from death, improving the tracking of their status will deﬁnitely reduce
costs of seed storage. This underscores the need for markers allowing
the assessment of seed deterioration status over time that would avoid a
costly process of regeneration that can sometimes damage genetic integrity of the accession (Fu et al., 2015). The ﬁrst step in ﬁnding
markers of seed quality is to understand the molecular mechanisms
accounting for seed aging.
Seed longevity is aﬀected by both genetic background and

Successful germination of seeds is a prerequisite for plant life cycle
initiation and progeny distribution (Holdsworth et al., 2008a; Rajjou
et al., 2012). One of the factors aﬀecting germination is seed aging,
which delays germination, reduces germination rate and can even cause
a total loss of seed viability (Priestley, 1986). Thus, the possibility of
tracking the status of seed vigour (seed properties that determine the
potential for rapid, uniform emergence, as well as the development of
normal seedlings under a wide range of conditions) is of both agricultural and ecological importance. Seeds are being shipped around the
world and stored in seed companies, even for long periods of time,
which requires quick and easy methods for checking their quality. More
than 7 million plant germplasm accessions representing > 16,500 plant

Abbreviations: ABA, abscisic acid; APX, ascorbate peroxidase; CAT, catalase; (p)ppGpp, guanosine tetra- and pentaphosphate; RbcL, Rubisco large chain; ROS,
reactive oxygen species; RSH, RelA/SpoT Homolog; SOD, superoxide dismutase
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deterioration is often being invoked with higher temperatures and increased humidity (Priestley, 1986; Walters, 1998). However, biochemical processes of artiﬁcially aged seeds can diﬀer from those in
seeds aged in industrial dry storage at ambient or cold temperatures
(Lehner et al., 2008; Nagel et al., 2015). Therefore, to study the processes of seed aging it is important to use naturally aged seeds.
Although some intrinsic factors regulating seed longevity are
known, still, there is a need for profound understanding of the mechanisms regulating the process of seed aging. Expression of
Arabidopsis (Arabidopsis thaliana L.) RelA/SpoT Homologes (RSH), RSH2
and RSH3, which encode major synthases of alarmones of the stringent
response ([p]ppGpp [guanosine tetra- and pentaphosphate]), increases
during seed development and reaches its peak in dry seeds (Schmid
et al., 2005). It suggests involvement of the stringent response in proper
seed maturation and desiccation, and thus in seeds achieving a dry
quiescent state. The stringent response can be activated by abscisic acid
(ABA, a key player in induction and maintenance of seed dormancy;
Takahashi et al., 2004; Yamburenko et al., 2015), and downregulates
the eﬃciency of photosynthesis, i.a. by regulating transcription (e.g.: of
rRNA, tRNA) and translation in chloroplasts (reviewed in Boniecka
et al. (2017)), and this eﬃciency is known to decline along with progressing seed maturation (Bailly et al., 2008). It can therefore be hypothesised that the stringent response is the major trigger that brings
seeds into the dormant state and thus increases their longevity. According to this hypothesis, (p)ppGpp may function to stop photosynthetic activity along with the progress of maturation, and thus may
function to allow seeds to get closer to the ‘safe stage’. However, during
a period of dry storage after harvest, in a dormant seed, the amount of
(p)ppGpp would reduce, allowing the seed to acquire the ability to
germinate. Nevertheless, in the absence of conditions favourable for
germination, seeds that contain excessively low (p)ppGpp levels may
then undergo seed aging.
Seed germination and seedling establishment rely on, e.g., DNA
synthesis (Nonogaki et al., 2010). This suggests that seeds of high
vigour have an increased intensity of DNA synthesis. Hence, one of the
aims of the study was to examine genetic changes (intensity of DNA
synthesis) that occur in oilseed rape seeds stored for a diﬀerent time
and under diﬀerent temperature conditions, alongside physiological
changes (germination rate and seedling growth), biochemical changes
(metabolics content, the activity of antioxidative enzymes) and molecular changes (total RNA and rRNA content, particular BnRSH gene
expression) in order to ﬁnd potential markers of B. napus seed deterioration advancement.

developmental and environmental conditions during growth of maternal plants and post-harvest storage (Nagel et al., 2015; Walters et al.,
2005b). During seed storage the major factors aﬀecting seed quality are
temperature and humidity (Nagel and Borner, 2010; Roberts, 1973;
Walters et al., 2005a). Therefore, the longevity of the orthodox seeds
(desiccation tolerant ones), which are the most commonly stored in
genebanks, is generally extended by decreasing seed moisture content
and storage temperature (Hay and Probert, 2013; Roberts, 1973),
which decreases seed cytoplasm viscosity and allows the so called
“glassy state” to be achieved (Buitink and Leprince, 2004; Sun and
Leopold, 1993; Williams and Leopold, 1989). This state protects seeds
from damage, but only to a certain extend, because even in genebanks,
where seeds are dried to a proper level before storage, deterioration
processes also occur (Walters et al., 2005b).
For agricultural purposes, dried seeds are stored at higher relative
humidity than in seed banks and their cytoplasm may be in a viscous
rather than a glassy state. In such low-hydrated seeds, ageing is more
likely associated with controlled processes (El-Maarouf-Bouteau et al.,
2013; Fernandez-Marin et al., 2013; Kranner et al., 2011), including
changes in transcription and/or translation (Holdsworth et al., 2008a,
2008b; Leubner-Metzger, 2005; Rajjou et al., 2008; Yao et al., 2012).
Since transcriptional and translation machineries function in such
seeds, it is not surprising that seed ageing is associated with various
cellular, metabolic and chemical alterations (Bailly et al., 2008; ElMaarouf-Bouteau et al., 2011, 2013; Kranner et al., 2011; McDonald,
1999; Sharma et al., 2018; Walters, 1998).
The over-accumulation of ROS is supposed to be the major cause of
seed ageing (Bailly, 2004; Rajjou et al., 2008), especially during seed
storage (Priestley, 1986), where the species are target selective (ElMaarouf-Bouteau et al., 2013) and responsible for most of the abovementioned changes that occur during aging. This implies that a properly functioning antioxidative system may be a key factor in prolonging
seed longevity. The main antioxidant enzymes in plants include superoxide dismutase (SOD), catalase (CAT) and ascorbate peroxidase
(APX) (Bailly, 2004; Dąbrowska et al., 2007). Although the association
of seed aging with a decrease of antioxidant enzyme activities was
demonstrated, e.g.: for seeds of mung bean (Vigna radiata L.; Murthy
et al., 2002), cotton (Gossypium hirsutum L.; Goel et al., 2003), sunﬂower (Helianthus annuus L.; Bailly et al., 1996), peanut (Arachis hypogaea L.; Sung and Jeng, 1994), as well as wheat (Triticum aestivum L.;
Lehner et al., 2008), it was also proposed that the activity of these
enzymes may vary between seeds stored in diﬀerent conditions, and
between seeds of diﬀerent species (Lehner et al., 2008; Bailly et al.,
1996). Hence, in order to understand the functioning of the antioxidant
defence system during aging, studies on seeds of particular species need
to be conducted.
Most agricultural crops have 1–5 years of seed viability, when
stored in uncontrolled conditions, which is much less than for wild
plants and species in the Brassicaceae family have particularly shortlived seeds, even under excellent (genebank) storage conditions
(Desheva, 2016; Nagel et al., 2010; Walters et al., 2005b). From that
family, seeds of oilseed rape (rapeseed, rape, Brassica napus L.) are an
extremely important model for studying seed aging. Prolonging their
longevity is an issue not only for genebanks but also for seed companies, since rape is the second most widely planted oil crop in the world.
Considering the importance of the crop (it is used not only for the
production of one of the healthiest plant oils used in the food industry,
post-extraction meal and dried green fodder, but also for biofuel production and other ecological products) and its short lifespan, it is important to understand the mechanisms that trigger B. napus seed aging.
Although some physiological and proteomic analyses on artiﬁcially
aged seeds of rape have already been performed (Yin et al., 2015), no
data is, to our knowledge, available on naturally aged B. napus seeds.
Since studying the process of naturally occurring seed aging requires
long periods of seed storage time and it is diﬃcult to maintain similar
growth conditions for maternal plants and during seed storage, seed

2. Material and methods
2.1. Plant material, seed germination and seedlings growth
The experiments were conducted with fresh (harvested in 2016) and
three-year-old seeds (harvested in 2013) of winter oilseed rape cultivar
(Brassica napus L., cv. Harry, OBROL Kulczyński Sp.j.) produced by
maternal plants growing in a ﬁeld close to Poznań (Choryń – 52º02’ N
16º46’ E), Poland. The weather conditions during the maternal plants’
growth times (August 2012 – July 2013 and August 2015 – July 2016)
are presented in Supplementary Fig. 1 (monthly total precipitation and
average temperature) and Supplementary Fig. 2 (daily relative humidity). Monthly sums of precipitation and monthly average temperature were plotted based on climate data from the stations at Kościan
(52º06' N 16º38' E; around 20 km from Choryń) and Wielichowo (52º07'
N 16º21' E; around 40 km from Choryń), respectively. These were
downloaded from the public database of the Institute of Meteorology
and Water Management – National Research Institute (IMGW-PIB) in
Poland. The relative humidity graph for the above mentioned periods of
time was downloaded from the WeatherOnline website for the
Poznań–Ławica station (52º24' N 16º43' E; around 60 km from Choryń;
Supplementary Fig. 2).
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2.5. Determination of content of soluble sugars

Both seed types (∼5% water content) were kept either in the cold
(4 °C) or at room temperature (here 23 °C) at ∼50% relative humidity.
At 4 °C the fresh seeds were kept for 4 months and the ones harvested in
2013 for 2 years, before the experiments were conducted. Germination
energy and capacity were measured at ﬁfth and seventh day post immersion, respectively, for both seed types. For the purpose of germination, seedling growth and ﬂow cytometry analysis, seeds were sterilised in a mixture of 30% hydrogen peroxide and 96% ethanol (1/1 v/
v) for 10 min and rinsed with sterile ultrapure water. Next, seeds were
placed on plates with ﬁlter paper moistened with sterile distilled water
and transferred to a plant growth chamber at a daytime/night-time
(12/12 h) temperature of 24/15 °C, respectively. A seed was regarded
as germinated when the radicle had pierced the seed coat, and the
number of seeds germinated was scored every 2 h from the thirteenth
till the twenty-ﬁrst hour post immersion (hpi), at the thirty-sixth, fortieth, forty-fourth, sixtieth and hundred-and-twentieth hpi. The measurements of root and hypocotyl length as well as fresh weight (FW)
were performed on 5-day-old seedlings. For phenolic compounds, sugars, proteins and proline measurements, as well as antioxidative enzymes activity analysis, ∼1 g of seeds for each biological repetition was
used.

Soluble sugars in the seeds of rape after homogenisation were extracted with 1 mL of 80% ethanol and centrifuged at 2800 rpm for
10 min. The amount of total sugars was estimated by the phenol-sulfuric method (Dubois et al., 1956). The supernatant (5 μL) was mixed
with distilled water (200 μL), 5% phenol (200 μL) and 95% sulphuric
acid (1 mL). The absorbance of the samples was measured at
λ = 490 nm. The amounts of soluble sugars were expressed in micrograms of glucose per 1 g of tissue FW.
2.6. Determination of proline content
Proline content was measured according to Marcinska et al. (2013).
About 1 g of homogenised samples was extracted in 0.5 mL of 3% 5sulphosalicylic acid for 15 min. Next, the samples were centrifuged at
18,000 rpm for 30 min at 4 °C. The supernatant (200 μL) was transferred
to screw cap vials and concentrated formic acid (200 μL) and 3% ninhydrin reagent in 2-methoxyethanol (400 μL) were added. Samples
were heated for 30 min at 100 °C, cooled and then used for spectrophotometric measurements (λ = 514 nm). The level of proline was
expressed in micrograms per 1 g of tissue FW.

2.2. Flow cytometry
2.7. Determination of protein content
For ﬂow cytometric analysis, embryo axes were dissected from the
dry and germinating (after 17 h and 21 h) seeds. Samples were prepared
as previously described (Rewers and Sliwinska, 2012) using Galbraith’s
buﬀer (45 mM magnesium chloride, 30 mM sodium citrate, 20 mM
MOPS, 0.1% Triton X-100; pH 7; (Galbraith et al., 1983)) supplemented
with DAPI (4,6-diamidyno-2-fenyloindol; 2 μg/mL). Before analysis,
samples were incubated for 10 min on ice. For each sample ﬂuorescence
was measured in at least 1400 nuclei, using a CyFlow Ploidy Analyser
ﬂow cytometer (Sysmex-Partec GmbH, Gorlitz, Germany). Analyses
were performed on ﬁve biological replicates, using logarithmic ampliﬁcation. Histograms were collected as FCS ﬁles and evaluated using FCS
Express v.5, De Novo Software (Sysmex-Partec GmbH, Gorlitz, Germany). The proportion of nuclei with diﬀerent DNA contents, mean Cvalue and the (Σ > 2C)/2C ratio were established. The (Σ > 2C)/2C
ratio is the ratio between the number of nuclei with DNA content higher
than 2C (4C and 8C) to the number of nuclei with 2C DNA content. In
this study, nuclei possessing at least 8C DNA content were classiﬁed as
endopolyploid, since it is not possible to distinguish by ﬂow cytometry
the 4C nuclei in cells that have just entered endoreduplication cycle
(being in the G1 phase of ﬁrst endocycle) from those in cells in the G2
phase of mitotic cycle.

Proteins were determined at 595 nm according to Bradford
(Bradford, 1976). After homogenisation, the proteins were extracted
with 50 mM phosphate buﬀer (pH 7.0). The supernatant (10 μL) was
mixed with Bradford reagent (250 μL). The protein content was calculated using bovine serum albumin (BSA) as standard and was expressed
in μg of BSA per 1 g of seeds FW.
2.8. Activity of antioxidative enzymes
Seeds of rape were homogenised at 4 °C with a phosphate buﬀer (pH
7.8) containing 0.01 M EDTA and 0.5% BSA. The homogenate was
centrifuged at 10,000 rpm for 20 min. The activity of catalase (CAT, EC
1.11.1.6) was measured spectrophotometrically (λ = 240 nm) by the
modiﬁed method of Aebi (Aebi, 1984). The reaction mixture consisted
of 200 μL 0.05 M phosphate buﬀer (pH 7.0) containing 0.1 mM EDTA,
50 μL of 0.03 M H2O2 in this buﬀer and 5 μL of the supernatant. The
activity of ascorbate peroxidase (APX, EC 1.11.1.11) was measured by
the modiﬁed method of Lűck (Lűck, 1962). The measurement was
carried out spectrophotometrically (λ = 460 nm) by measuring in
300 μL of 0.05 M phosphate buﬀer containing 0.1 mM EDTA (pH 7.0)
the amount of the products of 5 μL of 1% p-phenylenediamine (SigmaAldrich, St. Louis, MO, USA) oxidation in the presence of 5 μL of 0.03 M
H2O2 and 5 μL of supernatant. Activity of superoxide dismutase (SOD,
EC. 1.15.1.1) was measured spectrophotometrically (λ = 595 nm) by
the method of McCord and Fridovich (McCord and Fridovich, 1969).
The reaction was conducted in the presence of 250 μL of 0.1 mM EDTA,
1 mM cytochrome c solution (Sigma-Aldrich, St. Louis, MO, USA), 1 mM
xanthine (Sigma-Aldrich, St. Louis, MO, USA) and phosphate buﬀer (pH
7.8) mixture, 5 μL of xanthine oxidase from bovine milk solution
(Sigma-Aldrich, St. Louis, MO, USA) and 5 μL of supernatant.
The phenolic compounds, soluble sugars, proteins and proline
contents, as well as reaction kinetics for all the enzymes, were examined spectrophotometrically on a microplate reader (Synergy 2, BioTek, Winooski, VT, USA).

2.3. RNA isolation
Total RNA was isolated from seeds of rape (∼80 mg), ground in
liquid nitrogen, with TRI Reagent (Sigma-Aldrich, St. Louis, MO, USA)
or with RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) and resuspended in 15 μL of DEPC-treated water or 30 μL of RNase-Free
Water, respectively. The quality and quantity of total RNA was assessed
by means of spectrophotometric and gel electrophoresis analysis. The
intensity of 18S and 26S rRNA bands was quantiﬁed densitometrically
with ImageGauge 3.46 software.
2.4. Determination of total content of phenolic compounds
For phenolic estimation, 1-g samples of oilseed rape seeds were
homogenised in 1 mL of 80% ethanol and centrifuged at 15,000 rpm for
3 min. The supernatant (20 μL) was mixed with distilled water (500 μL),
25% Na2CO3 (250 μL) and Folin-Ciocalteau reagent (63 μL) diluted with
distilled water 1:1 (Singleton and Rossi, 1965). The absorbance was
measured at λ = 760 nm. The total content of phenolic compounds was
calculated as micrograms of chlorogenic acid per 1 g of tissue FW.

2.9. Reverse transcription and semi-quantitative RT-PCR (sqRT-PCR)
Total RNA (up to 10 μg in a reaction tube) was treated with 1U
DNase from the TURBO DNA-free TM Kit (Ambion, Thermo Fisher
Scientiﬁc, Waltham, MA, USA) and incubated at 37 °C for 30 min, followed by an additional 1U DNase treatment at 37 °C for 30 min, in order
480
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Fig. 1. Eﬀect of time and temperature on
germination of B. napus fresh and aged
seeds.
Germination of fresh seeds stored at 4 °C
(2016_4 °C) or 23 °C (2016_23 °C) and aged
seeds stored at 4 °C (2013_4 °C) or 23 °C
(2013_23 °C). Results are averages of seed
germination from eight plates, each containing 25 seeds ± SE. Experiment was
repeated two times with similar results.
Diﬀerent letters indicate statistically signiﬁcant diﬀerences in the percent of germinated seeds between the tested seed
types, compared at particular hour of germination.

ANOVA indicated signiﬁcant inequality of the means, the Tukey’s HSD
test was applied. The Mann–Whitney test was used for non-normal data.
Diﬀerent letters indicate signiﬁcant diﬀerences between samples at the
level of P < 0.05. Germination % data before subjecting to statistical
analysis were arsine-transformed.

to remove DNA contamination. Next, the enzyme was inactivated by
addition of DNase Inactivation Reagent according to the manufacturer’s
protocol (TURBO DNA-free TM Kit, Ambion, Thermo Fisher Scientiﬁc,
Waltham, MA, USA). The quality and quantity of total RNA was assessed by means of spectrophotometric analysis (Thermo Fisher
Scientiﬁc, Waltham, MA, USA) and gel electrophoresis. Further, reverse
transcription reactions were conducted with the RNA with RevertAid H
Minus Reverse Transcriptase (Thermo Fisher Scientiﬁc, Waltham, MA,
USA). The cDNA was used as a template in sqRT-PCR with primer pairs
designed for three BnRSH genes (BnRSH1 – LOC106399012, BnRSH2 –
LOC106452255, BnRSH3 – LOC106345829) and two housekeeping
genes – BnUBQ10.1 and Bn5S rRNA (LOC106438742 and
LOC111197839, respectively; Supplementary Table 2). PCR reactions
were optimised for each of these genes and, ﬁnally, substrate ampliﬁcation was conducted using the following conditions: 95 °C for 2 min,
33 cycles of 95, 59 and 72 °C lasting for 30, 40 and 40 s, respectively,
followed with 72 °C for 5 min for BnRSH1; 95 °C for 2 min, 34 cycles of
95, 54 and 72 °C lasting for 30, 40 and 40 s, respectively, followed with
72 °C for 5 min for BnRSH2 and BnRSH3; 95 °C for 2 min, 30 cycles of
95, 59 and 72 °C lasting for 30, 45 and 45 s, respectively, followed with
72 °C for 5 min for Bn5S rRNA; 94 °C for 2 min, 29 cycles of 94, 52 and
72 °C lasting for 30, 30 and 35 s, respectively, followed with 72 °C for
5 min for BnUBQ. PCR products were separated in 1.2% agarose gels in
TAE buﬀer (TRIS-Acetate-EDTA) at 80 V. After electrophoresis, gels
were visualised under UV light. Their images were used for PCR product densitometric quantiﬁcation with ImageGauge 3.46 software. Each
reaction was repeated at least three times using cDNA from 2 to 3
biological replicates. The error bars represent the standard error of the
mean.

3. Results
3.1. Seed germination and seedling growth
To study the process of seed aging, in order to ﬁnd potential markers
of seed deterioration advancement, seeds were aged by prolonging seed
storage at temperatures that are commonly used to store seeds by seed
companies and farmers - 4 °C and 23 °C. The seeds of oilseed rape
harvested in 2013 were ﬁrst stored at 23 °C for 1 year and afterwards
some of them (named here 2013_4 °C) were transferred to 4 °C for 2
years, while others (named here 2013_23 °C) were still kept at 23 °C. As
controls, seeds were used that were harvested in 2016 and kept either at
4 °C (named 2016_4 °C) or at room temperature (named 2016_23 °C) for
four months before the experiments were conducted. Because low seed
vigour is a typical symptom of aging, germination tests were carried out
using the above-mentioned seeds of the oilseed rape winter cultivar.
Seeds harvested in 2016 stored either in low or room temperature
conditions germinated faster and to a signiﬁcantly higher level (at ﬁfth
day) than the seeds harvested in 2013 stored in both temperature
conditions (Fig. 1), which is indicative of their higher germination
energy. Hence, hereafter the seeds harvested in 2016 and 2013 are also
referred to as ‘fresh’ and ‘aged’, respectively. Starting from the second
day after seed imbibition the mentioned diﬀerences were observable
(Fig. 1). While the percentage of germinated fresh seeds stored at 4 °C
was higher than the ones kept at 23 °C only at fortieth hpi, in the case of
the aged ones it increased signiﬁcantly between the thirty-sixth and
sixtieth hpi (Fig. 1). Seed germination capacity, measured for B. napus
seeds as the percentage of germinated seeds on the seventh day post
immersion, equalled 100 ( ± 0.00 SE), 99 ( ± 1.00 SE), 100 ( ± 0.00
SE) and 95.2 ( ± 1.50 SE) % for 2016_4 °C, 2016_23 °C, 2013_4 °C and
2013_23 °C seeds, respectively. The germination capacity of the
2013_23 °C seeds was signiﬁcantly lower than that of the fresh and aged
seeds stored at 4 °C (data not shown). To assess seedling growth, at ﬁfth
day after seed imbibition, root and hypocotyl length were measured, as
well as fresh weight of seedlings. The fresh seeds had signiﬁcantly
higher root and hypocotyl lengths than the aged ones, which correlates

2.10. ABA content
Analysis of an endogenous level of ABA was carried out according to
Wilmowicz et al. (2008). GC–MS–SIM was performed by monitoring m/
z 162 and 190 for endogenous ABA and 166 and 194 for [6-2H3] ABA
according to the method described by Vine et al. (1987).
2.11. Statistics
The results were statistically analysed in the program Past3.14
(Hammer et al., 2001) using one-way analysis of variance after Levene’s
test that was used to check homogeneity of variances. When the
481
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Fig. 2. Eﬀect of time and temperature on seedling growth from fresh and aged seeds of B. napus.
Root (A) and hypocotyl (B) length, as well as fresh weight (C), of 5-day-old seedlings germinated from fresh seeds stored at 4 °C (2016_4 °C) or 23 °C (2016_23 °C) and
aged seeds stored at 4 °C (2013_4 °C) or 23 °C (2013_23 °C). Results are averages of 125 biological replicates ± SE. Experiment was performed twice with similar
results. Diﬀerent letters indicate statistically signiﬁcant diﬀerences in the measured parameters between the tested seed types.

with their signiﬁcantly higher vigour. Among the seedlings grown from
aged seeds, the ones stored at 4 °C had signiﬁcantly longer roots and
hypocotyls than the ones stored at 23 °C (Fig. 2 A, B). Similar diﬀerences were observed for fresh weight measurements – seedlings grown
from fresh seeds had higher fresh weight than the ones originating from
the aged seeds. Of the seedlings grown from aged seeds, the 2013_23 °C
seedlings had signiﬁcantly lower fresh weight than 2013_4 °C (Fig. 2C).
3.2. Flow cytometry
To analyse whether the tested aged seed variants show weaker seed
germination due to lower intensity of DNA synthesis, embryo axes
dissected from the dry and germinating (after 17 and 21 hpi) seeds were
analysed with the use of ﬂow cytometry. The intensity of DNA synthesis
in the germinating seeds was checked at these particular hours because,
according to the seed germination experiment (Fig. 1), at that time only
a small number of seeds had already germinated, which is indicative of
the germination sensu stricto stage of the rest of them. In the tested seeds
of B. napus, only one endocycle occurred, both in dry and germinating
seeds; however, this was only the case in the fresh seeds (Fig. 3, Supplementary Fig. 3A–F). No 8C nuclei were observed in the aged seeds of
rape (Fig. 3, Supplementary Fig. 3G–L), which correlates with their
lower germination potential in comparison with the fresh seeds (Fig. 1).
The mean C-value between all dry seeds did not signiﬁcantly diﬀer,
and its average was 2.30 ( ± 0.11 SD, Table 1). Among the germinating
seeds, the fresh ones stored at 4 °C had the highest intensity of DNA
synthesis. While the mean C-value for the fresh germinating seeds was
2.56 ( ± 0.19 SD) and 2.58 ( ± 0.10 SD) at 17 and 21 hpi, respectively,
for the aged ones it was 2.30 ( ± 0.05 SD) and 2.36 ( ± 0.11 SD), which
is close to the average value obtained for dry seeds (Table 1).
The (Σ > 2C)/2C ratio for the dry and germinating seeds varied
between 0.11 and 0.32 and, although it showed a very similar trend to
the mean C-value, did not diﬀer signiﬁcantly between the tested types
of dry and germinating (17 hpi) seeds. Only the aged seeds stored in
cold exhibited a signiﬁcantly lower value of the ratio in comparison
with the fresh seeds stored in cold or at room temperature 21 hpi
(Table 1).

Fig. 3. Flow cytometry analysis of embryo axes dissected from dry and germinating (after 17 h and 21 h) fresh and aged seeds of B. napus.
Proportion of nuclei with diﬀerent DNA content (2C, 4C and 8C; C = DNA
content of a haploid genome with chromosome number n) in embryo axes
dissected from dry and germinating (after 17 h [G17 H] and 21 h [G21 H]) fresh
seeds stored at 4 °C (2016_4 °C) or 23 °C (2016_23 °C) and aged seeds stored at
4 °C (2013_4 °C) or 23 °C (2013_23 °C). Results are averages of ﬁve biological
replicates.

Reagent was conceived. However, probes of RNA isolated from the aged
seeds stored at 4 °C and 23 °C were of both low RNA concentration and
low quality (Supplementary Fig. 4A, Supplementary Table 1). The RNA
yield was signiﬁcantly lower in comparison with RNA yield obtained
from fresh seeds. Moreover, both the A260/A280 and A260/A230 ratios
were low, at, respectively, 1.59 ( ± 0.02) and 0.53 ( ± 0.16) for aged
seeds stored at 4 °C, and 1.66 ( ± 0.10) and 0.56 ( ± 0.24) for aged
seeds stored at 23 °C, which is indicative of protein and phenol and/or
polysaccharides contamination, respectively. In contrast, RNA probes
isolated from fresh seeds were of relatively higher RNA quality
(Supplementary Fig. 4A, Supplementary Table 1). Another RNA isolation was conducted with the use of a commercially available RNeasy
Plant Mini Kit from Qiagen (Fig. Supplementary Fig. 4B, Supplementary
Table 1). RNA concentrations from all tested seeds were high enough to
observe rRNA bands when loading 1 μL of a sample on an agarose gel

3.3. RNA isolation
In order to check the expression of particular genes in the tested
seeds, an attempted to isolate RNA from these samples using TRI
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stored at 4 °C was signiﬁcantly lower than for the fresh seeds stored at
23 °C, the content of phenolics was signiﬁcantly higher (Fig. 4A, Supplementary Table 1).
The level of soluble sugars and proteins in the tested seeds was also
analysed. However, no signiﬁcant impact of storage temperature on
level of free sugars was observed (Fig. 4B). Nevertheless, the aged seeds
contained a lower amount of these compounds in comparison with the
fresh seeds. However, a signiﬁcant diﬀerence was observed only between the fresh and aged seeds stored at 23 °C (Fig. 4B). The data to
some extent correlates with the results of seed germination test, as seeds
that had lower free sugar content also had decreased vigour (Fig. 1). In
the case of proteins, no signiﬁcant diﬀerences were observed in their
content between the tested seeds (Fig. 4C).
In order to assess whether the observed diﬀerences in seed vigour
(Figs. 1 and 2) can be attributed to stress tolerance, the content of
proline, an amino acid which has been suggested to contribute to plant
stress tolerance, was measured (Fig. 4D). Surprisingly, proline content
was highest in aged seeds stored at 23 °C, then next highest in aged
seeds stored at 4 °C, and then fresh seeds stored at 23 and 4 °C, which
correlated inversely with seed vigour (Figs. 4D, 1 and 2).

Table 1
Flow cytometry analysis of embryo axes dissected from dry and germinating
(after 17 H and 21 H) fresh and aged seeds of B. napus.
Seed type
Dry
2016_4 °C
2016_23 °C
2013_4 °C
2013_23 °C
17 H
2016_4 °C
2016_23 °C
2013_4 °C
2013_23 °C
21 H
2016_4 °C
2016_23 °C
2013_4 °C
2013_23 °C

Mean C-value

2.34
2.24
2.29
2.31

±
±
±
±

0.07
0.03
0.04
0.05

a

2.63
2.48
2.30
2.30

±
±
±
±

0.11
0.05
0.02
0.03

a

2.62
2.54
2.31
2.41

±
±
±
±

0.06
0.03
0.03
0.05

a

a
a
a

ab
b
b

ab
c
bc

(Σ > 2C)/2C ratio

0.13
0.10
0.17
0.19

±
±
±
±

0.02
0.02
0.03
0.04

a

0.25
0.23
0.18
0.18

±
±
±
±

0.04
0.03
0.01
0.02

a

0.27
0.23
0.18
0.27

±
±
±
±

0.03
0.01
0.02
0.05

a

a
a
a

a
a
a

a
b
ab

a
2016_4 °C – fresh seeds stored at 4 °C; 2016_23 °C – fresh seeds stored at
23 °C; 2013_4 °C – aged seeds stored at 4 °C; 2013_23 °C – aged seeds stored at
23 °C.
b
Results are averages of ﬁve biological replicates ± SE.
c
Diﬀerent letters indicate statistically signiﬁcant diﬀerences in the measured
parameters between the tested seed types at particular stages (Dry, 17 H and
21 H).

3.5. Antioxidative enzyme activity
In order to check the eﬃciency of the antioxidative system in the
tested seeds, the activity of CAT, APX and SOD was measured (Fig. 5).
The activity of the ﬁrst enzyme was the highest in fresh seeds stored at
23 °C, whereas in the other tested seeds it was signiﬁcantly lower
(Fig. 5A). The activity of APX enzyme was signiﬁcantly higher in fresh
seeds stored at 4 °C than in aged seeds stored at 23 °C. No signiﬁcant
diﬀerences were observed between the mentioned seeds and other seed
variants (Fig. 5B). The activity of SOD was signiﬁcantly higher in aged
seeds stored at 23 °C than in fresh seeds stored at both temperatures and
correlated inversely with seed vigour (Figs. 5C, 1 and 2).

(Supplementary Fig. 4B); however, they were signiﬁcantly lower for the
aged seeds kept at 23 °C in comparison with the rest of the samples
(Supplementary Table 1). The 26S/18S rRNA ratio for RNA isolated
from fresh seeds stored at both temperatures with the use of the kit was
signiﬁcantly lower than the ratio observed for aged seeds
(Supplementary Table 1). Signiﬁcant diﬀerences were observed in the
intensity of 26S and 18S rRNA between RNA samples isolated from
diﬀerent seed samples, both with the use of TRI Reagent and the kit.
While these bands were not detected in RNA samples obtained from
aged seeds with the use of TRI Reagent, they were observable in RNA
samples isolated with the use of the kit; however, their intensity was
lower in comparison with the intensity of 26S and 18S rRNA observed
in RNA samples isolated from fresh seeds (Supplementary Fig. 4C, D).
According to the spectrophotometric analysis, A260/A280 ratio was
signiﬁcantly lower for RNA isolated with the use of the kit from aged
seeds stored in cold comparing to other samples; however, it was still
indicative of rather low protein contamination (Supplementary
Table 1). The highest A260/A230 ratio was recorded for RNA samples
isolated from fresh seeds stored at 23 °C (2.20 ± 0.03) and next for the
ones stored at 4 °C (1.88 ± 0.07). The ratio was low – 1.19 ± 0.02
and 1.52 ± 0.08, for RNA isolated from aged seeds stored at 4 and
23 °C, respectively, which is indicative of phenol and/or polysaccharides contamination (Supplementary Table 1).

3.6. BnRSH gene expression
In order to assess whether the stringent response is plausibly involved in the regulation of seed aging, the expression of particular
oilseed rape BnRSH genes, namely BnRSH1, BnRSH2 and BnRSH3, was
investigated in the tested seeds. As a reference gene BnUBQ was used,
the expression of which was compared with the expression of Bn5S
rRNA – another housekeeping gene (Fig. 7). No signiﬁcant diﬀerences
in the expression of these genes between all tested samples was observed, conﬁrming that the chosen reference gene was appropriate.
Similarly, no signiﬁcant diﬀerences were noted for the expression of
BnRSH2, which according to protein domain structure studies encodes a
protein carrying (p)ppGpp synthase and hydrolase domains (unpublished results). While the expression of BnRSH1, likely encoding a
(p)ppGpp hydrolase (unpublished results), between the fresh seeds
stored in diﬀerent conditions was not signiﬁcantly diﬀerent, nor between fresh and aged seeds stored at 4°C, a signiﬁcant drop was recorded for aged seeds stored at 23 °C in comparison with other variants.
Similarly, the expression of BnRSH3, likely encoding a bifunctional
protein – (p)ppGpp synthase and hydrolase – was signiﬁcantly downregulated in the 2013_23 °C seeds in comparison with the other seeds
(Fig. 6).

3.4. Phenolic compounds, soluble sugars, protein and proline content
To assess whether indeed the substances that impede the quality of
isolated RNA (Supplementary Table 1) are phenolic compounds, their
levels were examined in the tested seeds (Fig. 4A). Fresh seeds kept in
4 °C conditions contained a signiﬁcantly higher level of phenolic compounds in comparison with seeds stored at 23 °C. Conversely, aged
seeds kept in cold conditions exhibited signiﬁcantly lower content of
these compounds in comparison with the aged seeds stored at 23 °C
(Fig. 4A). The data corresponded with the signiﬁcantly decreased A260/
A230 ratio for RNA isolated from aged seeds stored at 4 °C
(1.19 ± 0.02) in comparison with the one for RNA isolated from seeds
stored at 23 °C (1.52 ± 0.08; Fig. 4A, Supplementary Table 1). However, conversly, for fresh seeds, rather the inverse correlation was observed between A260/A230 ratio and the amount of phenolic compounds. While the A260/A230 ratio for RNA isolated from fresh seeds

3.7. ABA content
Since changes in the expression of particular BnRSH genes were
observed, it can be hypothesised that the amounts of ABA in the tested
seed variants may vary. Indeed, while the level of the hormone was
relatively high in the fresh seeds, in the aged ones it was signiﬁcantly
lower (Fig. 7). Moreover, ABA content in the fresh 23 °C seeds was
lower in comparison with the fresh 4 °C seeds. Inversely, the content in
the aged 23 °C seeds was about 50% higher than in the aged 4 °C seeds.
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Fig. 4. Phenolic compounds, sugars, protein and proline content in fresh and aged B. napus seeds.
Dry fresh seeds stored at 4 °C (2016_4 °C) or 23 °C (2016_23 °C) and aged seeds stored at 4 °C (2013_4 °C) or 23 °C (2013_23 °C). Results are averages of ﬁve biological
replicates ± SE. Diﬀerent letters indicate statistically signiﬁcant diﬀerences in the content of measured compound between the tested seed types.

4. Discussion

percentage of germinated seeds at 120 hpi) than the aged ones, fresh
and aged seeds stored at 4 °C had higher potential to germinate than the
aged ones stored at 23 °C. This underscores that even prolonged storage
– but at 4 °C – can maintain high germination capacity of seeds.
The intensity of DNA synthesis in dry and germinating seeds might
be used as an indicator of seed potential to germinate. Indeed, increased
intensity of DNA synthesis in seeds that were characterised by higher
vigour was observed. The mean C-value in dry seeds (2.30 [ ± 0.11
SD]) was in accordance with the previously published data (2.27;
Rewers and Sliwinska, 2014), and for the fresh germinating seeds
(2.56 ± 0.19 and 2.58 ± 0.10 at 17 and 21 hpi, respectively) was similar as for the seeds previously characterised as having high germination capacity (90–100%; between 2.68 [before radicle protrusion]
and 2.78 [after radicle protrusion]; Rewers and Sliwinska, 2014). DNA
replication from 4C to 8C in fresh B. napus seeds was observed, which is
in line with the previously published data (Rewers and Sliwinska,
2014). The 8C nuclei are the result of endoreduplication, a process
during which the number of chromatids is duplicated, but without their
segregation, which results in the occurrence of endopolyploid cells with
a higher than 4C (C = DNA content of a haploid genome with chromosome number n) amount of DNA in nuclei. Because endopolyploidy
correlates with a higher number of gene copies, endoreduplication is
one of the mechanisms that likely increases the transcriptional activity

Aging is a process inextricably accompanying any form of life. A
seed, an emerging point of plant life, undergoes the process quite intensely, particularly, when it is a product of an agricultural crop.
Tracking the status of seed quality is an important task as it makes it
possible to determine the ability of seeds to germinate and thus allows
one to react promptly to stop deleterious changes that take place during
their lifespan and/or to renew their stock. Therefore, the aim of the
study was to understand processes accompanying oilseed rape seed
aging and to eventually ﬁnd potential markers allowing the assessment
of seed vigour.
For the purpose of the study, 4 °C was chosen as a temperature
preventing seeds from aging, since it has been demonstrated that seeds,
e.g. of maize (Zea mays L.), stored at that temperature exhibit relatively
high longevity (Revilla et al., 2006), which is likely due to decreased
mobility in cytoplasm (reviewed in Buitnik and Leprince (2008)). Indeed, the 4 °C storage temperature increased oilseed rape seed vigour,
whereas 23 °C promoted their deterioration. Nagel and Borner (2010)
already showed that seeds in which oil is the major seed storage component, and such are B. napus seeds, are relatively short-lived when
stored under ambient conditions. While the fresh seeds in this study
were characterised by higher germination energy (signiﬁcantly higher
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Fig. 5. Activity of the antioxidant system enzymes in fresh and aged B. napus seeds.
Activity of catalase (CAT; A), ascorbate peroxidase (APX; B) and superoxide dismutase (SOD; C) in dry fresh seeds stored at 4 °C (2016_4 °C) or 23 °C (2016_23 °C) and
aged seeds stored at 4 °C (2013_4 °C) or 23 °C (2013_23 °C). Results are averages of ﬁve biological replicates ± SE. Diﬀerent letters indicate statistically signiﬁcant
diﬀerences in the activity of measured enzymes between the tested seed types.

from fresh seeds. In contrast, the size of the 26S rRNA peak of RNA
samples isolated from aged soybean (Glycine max L.) seeds was smaller
than that of the 18S rRNA, whereas in fresh seeds the inverse was true
(Fleming et al., 2017). However, there, RNA samples were analysed by
electrophoresis with the use of RNA chips, which might be a more accurate method. Moreover, the value of the ratio for aged versus fresh
seeds may vary depending on genotype. Interestingly, RNA isolation
with the use of the TRI Reagent seems to be a good, cheap method – and
one of the fastest – to assess seed quality, according to the study presented here with B. napus L. cv. Harry seeds.
The intracellular glass likely consists of sugars and proteins interacting with salts, organic acids and amino acids (Buitink and Leprince,
2004, 2008; Walters, 1998), suggesting that the concentration of these
components in seeds may impact the formation of the glassy state. Although it was proposed that sugars play a minor role in maintaining the
long-term stability of seeds (Walters et al., 2005a), diﬀerent levels of
these compounds between aged and fresh seeds in this study were observed; however, signiﬁcantly lower content was noted only for the
aged seeds stored at 23 °C in comparison with the fresh ones stored at
the same temperature. Nevertheless, it was also proposed that sugars
may increase intracellular viscosity (Buitink and Leprince, 2004) and
thus impact the establishment of the glassy state, in which they are
metabolically less active, which prevents them from deterioration
during storage. Since data correlating B. napus seed longevity and free
sugar content has not been demonstrated so far, it is possible that the
decreased soluble sugar content in aged seeds is partially responsible
for their lower vigour. On the other hand, the observed level of sugars
may also result from the fact that the fresh and aged seeds were harvested from the ﬁeld in diﬀerent years that had diﬀerent weather
conditions (Supplementary Figs. 1 and 2), and thus factors such as
maternal conditions during seed development and maturation might
have inﬂuenced the level of these compounds. Other results presented
here, where there are diﬀerences between fresh and aged seeds, may
also result to some extent from the impact of maternal environment.
Awan et al. (2018) demonstrated that maternal environment, along
with genotype, determine seed performance (germination speed, resistance to controlled deterioration and induction of secondary dormancy) in Brassica oleracea L. (Awan et al., 2018), a member of the
Brassicaceae family, the same as oilseed rape.

of DNA, and thus gene expression (D’Amato, 1984). Because seed germination and seedling establishment rely on, i.a., DNA synthesis and
gene expression (Nonogaki et al., 2010), seeds with increased intensity
of DNA synthesis are those of higher seed vigour.
The lower intensity of DNA synthesis observed in the aged seeds can
be attributed to the accumulation of ROS-induced damage. The accumulation of these compounds in seeds results in single-strand DNA
breaks caused by ROS attack of deoxyribose units or by covalent
modiﬁcation of bases (Bray and West, 2005), changes in DNA content
(Sen and Osborne, 1974, 1977) or even DNA fragmentation (Osborne,
2000). Upon DNA damage, plants activate kinases that via protein
phosphorylation activate DNA stress checkpoints that control the recruitment of repair mechanisms and arrest/delay the cell cycle
(Culligan and Britt, 2008; Waterworth et al., 2007).
The level of RNA isolated with the use of TRI Reagent from the aged
seeds was signiﬁcantly lower in comparison with the fresh seeds. This is
not surprising, because seed aging is a process associated with the reduction in RNA level and its integrity, as the molecule has low innate
stability, making it vulnerable to degradation by ROS (Bazin et al.,
2011). In addition, the quality of RNA isolated from the aged seeds was
also very low. Isolation of a higher amount of RNA from the aged seeds
was possible with the use of the RNeasy Plant Mini Kit. However, still,
the RNA yield isolated from the 2013_23 °C seeds was signiﬁcantly
lower in comparison with the other tested seeds. Other research groups
also observed a tendency to obtain lower RNA yield from aged seeds in
comparison with fresh ones (Fleming et al., 2017; Sharma et al., 2018).
Although the A260/A280 ratio for all the tested samples was indicative of
no considerable protein contamination, the quality assessed with the
A260/A230 ratio was relatively low for the aged seed samples. However,
it was demonstrated that there is no correlation between the low DNA
purity measured by absorbance and the ampliﬁcability of DNA samples
that were obtained from vegetable oils (Ramos-Gomez et al., 2014). The
fact that the spectrophotometric determination does not predict the
ampliﬁcability of DNA was also described previously in DNA extracted
from diﬀerent oils (Costa et al., 2010; Muzzalupo et al., 2007). Therefore, it was assumed that the RNA samples could be further used for
gene expression studies.
The 26S/18S rRNA ratio was relatively higher for RNA samples
isolated with the use of the kit from aged seeds than for those isolated
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Fig. 6. Expression of RSH genes in fresh and aged B. napus seeds.
The expression of Bn5S rRNA, BnRSH1, BnRSH2 and BnRSH3 in dry fresh seeds stored at 4 °C (2016_4 °C) or 23 °C (2016_23 °C) and aged seeds stored at 4 °C
(2013_4 °C) or 23 °C (2013_23 °C). Results are averages of at least two biological and two technical replicates ± SE. Diﬀerent letters indicate statistically signiﬁcant
diﬀerences in a particular transcript level relative to BnUBQ between the tested seed types.

toxically on plants (reviewed in Hayat et al. (2012)). Thus, it is possible
that the accumulation of proline in aging seeds eventually takes part in
seed deterioration. This is supported by studies on the role that that
molecule plays in Rubisco activity. Proline suppresses the activity of
Rubisco by inﬂuencing its structural integrity through the dissociation
of small Rubisco subunits from the holoenzyme (Sivakumar et al., 1998;
2000; 2001).
However, it is worth noting that in Arabidopsis aged seeds the level
of Rubisco large chain (RbcL) is signiﬁcantly increased in comparison
with control seeds. Nevertheless, the isoforms of the subunit undergo
oxidation, which is known to induce a loss of functional properties of
proteins and/or enhance their susceptibility towards proteolysis (ElMaarouf-Bouteau et al., 2013; Rajjou et al., 2008). The RbcL oxidation
and proteolysis that take place in aged seeds (Rajjou et al., 2008), and
the decreased activity of Rubisco regulated by the proline level
(Sivakumar et al., 1998; 2000; 2001), correlate with the relatively high

Proline is an amino acid that has been suggested to contribute to
plant stress tolerance in many ways. Its accumulation usually occurs in
cytoplasm, where it functions to stabilise protein integrity and enhance
the activity of diﬀerent enzymes, to buﬀer pH and to maintain redox
status. Proline was reported as an antioxidant that scavenges ROS and
in consequence mitigates its damaging eﬀect on Photosystem II and
therefore increases plant photosynthetic eﬃciency (reviewed in Hayat
et al. (2012)). However, in this study, proline content correlated negatively with seed vigour. The more aged seeds were the more proline
they accumulated. It can be assumed that the level of ROS in the tested
aged seeds is very high – to the extent that it is even unmanageable in
conditions of high proline content. Pukacka and Ratajczak (2005)
shown that in aged seeds of beech (Fagus sylvatica L.), the highly active
antioxidant system cannot cope with ROS and, thus, high levels of these
compounds accumulate there causing seed death or abnormal seedling
growth. It is also known that high doses of that amino acid can act
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2001).
The high activity of CAT in the fresh seeds of oilseed rape stored at
23 °C is likely one of the factors responsible for their high vigour, which
is reﬂected in the seed germination test. Why then would the best
germinating seeds in this study – fresh seeds stored at 4 °C – have had
signiﬁcantly lower catalase activity, similarly to that observed for the
aged seeds? Low temperature likely decreases the activity of that enzyme to a bottom threshold also observed for the aged seeds. Moreover,
since, similarly to CAT, APX scavenges hydrogen peroxide (Dąbrowska
et al., 2007; Noctor and Foyer, 1998; Willekens et al., 1995) and its
activity is slightly higher in the fresh seeds stored at 4 °C than in the
fresh stored at 23 °C, it could compensate the low CAT activity in those
seeds. In the seeds that were characterized by the lowest seed vigour –
aged seeds stored at 23 °C – the activity of SOD enzyme was signiﬁcantly higher than in fresh seeds. No signiﬁcant diﬀerences were
observed in the activity of the enzyme between fresh and aged seeds
stored at low temperature, suggesting that the temperature might be an
important factor maintaining the activity of the enzyme at constant
level, independent of storage time. The high activity of SOD in aged
23 °C seeds is not surprising as it has been demonstrated that the activity of SOD and CAT diﬀer at diﬀerent stages of seed development,
which, as proposed by Bailly et al., (2001), may result from diﬀerent
cellular compartmentalisation of these proteins. SOD is one of the main
enzymes of the antioxidative system that converts free radicals, produced mainly in chloroplasts and mitochondria, into strongly oxidizing
molecule – hydrogen peroxide (H2O2), which in case of the aged seeds
tested here cannot be easily cleared due to low CAT and APX activity
and which thus may cause seed deterioration. Furthermore, since SOD
catalyses the conversion of O2- to growth-promoting H2O2 (Bailly et al.,
2004; Barba-Espin et al., 2010; Kliebenstein et al., 1998; Rodriguez
et al., 2002) and its transcripts are of high abundance in pea (Pisum
sativum L.) embryos, it was suggested that the enzyme is the major
regulator of the level of growth-active H2O2 in the embryo axis of
germinating pea seeds (Yao et al., 2012). Therefore, the high activity of
SOD in aged seeds stored at 23 °C may most likely cause an increase in
H2O2 in these seeds. Those high levels of ROS, since they likely promote
growth (Yao et al., 2012), seem to correlate with low dormancy levels,
allowing seed germination. However, here, they may cause seed exhaustion as it was proposed that the absence of dormancy may also be a
factor that reduces seed longevity (Rajjou et al., 2008).
Interestingly, the experiments of Yin et al. (2015) revealed no
changes in ROS production or SOD and CAT activities in aged seeds of
B. napus in comparison with the control. Nevertheless, during germination the aged seeds produced higher levels of H2O2 and O– and exhibited lower activity of CAT and SOD. The discrepancy in the activity
of antioxidative system enzymes between those seeds and the ones used
in the study presented here may result from the fact the seeds used by
Yin et al. (2015) were aged in an artiﬁcial way.
Some of the essential mechanisms of seed vigour are translational
capacity and mobilisation of seed storage reserves (Rajjou et al., 2008)
and the stringent response regulates both of the elements (Maekawa
et al., 2015; Sugliani et al., 2016). As was already mentioned, one of the
proteins whose level increases in A. thaliana aged seeds is RbcL (Rajjou
et al., 2008). It has been demonstrated that the overexpression of
Arabidopsis RSH3, one of the major synthases of (p)ppGpp – alarmones
of the stringent response, negatively aﬀects the levels of chloroplastand nuclear-encoded proteins, i.a.: RbcL (Maekawa et al., 2015;
Sugliani et al., 2016). Moreover, in the AtRSH3oe line the accelerated
dark-induced senescence phenotype is coupled with accelerated Rubisco degradation. Hence, it was suggested that (p)ppGpp during senescence promote nutrient remobilisation by stimulating, i.a., Rubisco
degradation (Sugliani et al., 2016). Since deteriorated seeds are less
active than control seeds in mobilising their storage protein reserves
(Rajjou et al., 2008), and a reduced level of transcripts encoding for the
elements of the stringent response was observed in the aged seeds
stored at 23 °C, the stringent response is likely less eﬃcient in aged

Fig. 7. ABA content in fresh and aged B. napus seeds.
ABA content in dry fresh seeds stored at 4 °C (2016_4 °C) or 23 °C (2016_23 °C)
and aged seeds stored at 4 °C (2013_4 °C) or 23 °C (2013_23 °C). Results are
averages of two biological and two technical replicates ± SE. Diﬀerent letters
indicate statistically signiﬁcant diﬀerences in the content of the hormone between the tested seed types.

proline level observed in aged seeds in this study. Interestingly, the
aggregation and deterioration of Rubisco has already been revealed as a
one of the ﬁrst symptoms of leaf senescence (Feller and Fischer, 1994),
suggesting that a similar symptom may accompany seed aging. Since it
has been shown that A. thaliana mutant plants accumulating (p)ppGpp
are characteristic of low Rubisco levels (Sugliani et al., 2016), it implies
that the plant stringent response might play a role in regulating levels of
the protein during seed aging. All in all, proline could be used as a very
good marker of seed aging. Its increased content was also observed in
aged oat (Avena sativaL.) seeds characterised by germination lower than
50% (Kong et al., 2015).
ROS are produced in seeds and may function both as a negative and
a positive regulator of plant development and defence. Stress tolerance
includes keeping ROS at safe levels, meaning neither their complete
reduction nor their abundance (reviewed in Kranner et al. (2010)). An
eﬃciently operating antioxidative system is characterised by appropriate activity of CAT, APX and SOD that prevents the accumulation of
ROS.
In this study, the activity of CAT in the fresh seeds stored at 23 °C
was signiﬁcantly higher than in other seed variants, which is in a line
with the high activity of the enzyme and its high expression in fresh,
fully mature sunﬂower seeds that have been desiccated on the mother
plant (harvested at 58 day after ﬂowering-DAF; Bailly et al., 2004), as
well as with low activity of the enzyme in artiﬁcially aged seeds of
wheat correlating with high accumulation of H2O2 (Lehner et al.,
2008). Although in the sunﬂower seeds harvested at 58 DAF and in
those artiﬁcially dried on sunﬂower heads the activity of the enzyme
was similar, gene and protein expression levels, as well as enzyme activity, seemed to drop along with artiﬁcial drying time (Bailly et al.,
2004). Furthermore, dried mature desiccation tolerant seeds of a bean
(Phaseolus vulgaris L.) also display high CAT activity (Bailly et al.,
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5. Conclusions

seeds than in fresh ones. The hypothesis is corroborated with the recently published data showing that the more seeds are aged, the higher
the accumulation of plastid rRNA (whose level is known to be downregulated by [p]ppGpp) tends to be (Fleming et al., 2017).
It has been suggested that mRNA transcripts are more susceptible to
oxidation than total RNA (reviewed in El-Maarouf-Bouteau et al.
(2013)), which may question any results of gene expression with aged
seeds. However, in this study two housekeeping genes were used and
their expression was constant across the samples obtained from fresh
and aged seeds. Moreover, mRNA oxidation is a highly selective process
and majorly assigned to genes involved in cell signalling (Bazin et al.,
2011). Hence, even if the mRNA of BnRSH1 and BnRSH3 were degraded
in the aged seeds it would be rather a speciﬁc mechanism of seed aging
process.
It has been demonstrated that the expression of Arabidopsis RSH2/3
is stimulated by ABA (Yamburenko et al., 2015), a hormone promoting
seed dormancy – a process that could be seen as a part of genetically
programmed ‘resistance phase’ that is important for long-term seed
stability. Moreover, hydrogen peroxide was proposed to release dormancy, partly by degrading endogenous inhibitors, such as ABA (Bailly,
2004; Barba-Espin et al., 2010; Grappin et al., 2000; Wang et al., 1995,
1998). Hence, the signiﬁcantly higher level of ABA, along with higher
expression of BnRSH1 and BnRSH3, in fresh seeds in comparison with
the aged ones characterized by low vigour suggests that indeed the
stringent response might mediate the ABA-regulated seed dormancy
that is important for seed longevity. In the study with artiﬁcially aged
seeds the level of ABA was signiﬁcantly higher in aged seeds in comparison with the control (Yin et al., 2015). However, that may result
from the diﬀerences between naturally and artiﬁcially aged seeds that
has already been demonstrated to take place (Lehner et al., 2008; Nagel
et al., 2015). As an example, the level of soluble sugars, which have
been proposed as indicators of seed aging (likely due to their auxiliary
function in glass formation) varied between artiﬁcially and closer to
naturally aged seeds (Lehner et al., 2008).
The expression of Arabidopsis RSH2 and RSH3 increases during seed
development and reaches its peak in dry seeds (Schmid et al., 2005),
suggesting the involvement of the proteins encoded by them in seed
desiccation. The stringent response may play a role in the establishment
of the glassy state, because the state can be achieved by decreasing seed
moisture content.
The selection of low seed dormancy levels during the domestication
of most crop species, which is done in order to bring rapid and uniform
germination after sowing, can cause pre-harvest sprouting and reduce
the quality of harvested seeds (reviewed in Nee et al. (2017)). The alleviation of seed dormancy can also have an impact on seeds during
their storage and thus aﬀect seed longevity (Rajjou et al., 2008). We
propose that seed dormancy is likely mediated via the ABA-(p)ppGpp
module as A. thaliana RSH2 and RSH3, the major (p)ppGpp synthases,
are ABA induced (Yamburenko et al., 2015). Thus, once the stringent
response – the guarder of metabolic processes – is downregulated,
dormancy would then be alleviated and while the non-dormant seeds
are still dry-stored they would senesce. The idea of seed longevity dependence on dormancy is supported with the ﬁnding that mutations
within the DOG1 gene, which speciﬁcally controls seed dormancy in
Arabidopsis, were associated with a seed longevity phenotype. After 30
months of seed dry storage at room temperature dog1 seed germination
was reduced to below 25%, while the germination of the wild type
seeds was still around 100% (Bentsink et al., 2006). However, to conclude that the ABA-(p)ppGpp module is likely a factor in regulating
seed longevity, further studies on the level of (p)ppGpp in aged and
fresh seeds are ﬁrst needed. Secondly, B. napus carries 6 RSH1, 2 RSH2,
3 RSH3 and 1 CRSH genes in its genome encoding proteins that likely
metabolise the eﬀectors of the stringent response (unpublished results).
Therefore, expression analyses of all the above-mentioned genes are
required to have a broader picture of the stringent response status in
aged oilseed rape seeds.

Seeds of oilseed rape are susceptible to aging, especially during
storage in ambient conditions. Such aged seeds are characterised by
lower intensity of DNA synthesis, changes in RNA quantity and quality,
as well as decreased ABA content. Last but not least, seeds that exhibit
decreases in both germination energy and capacity are also characterised by lower sugars and higher proline content, decreased APX
and increased SOD activity, as well as decreased BnRSH1 and BnRSH3
transcript levels in comparison with control seeds or aged seeds stored
in cold. Based on the results presented here, it can be proposed that
intensity of DNA synthesis, proline content, SOD and APX activity
status and BnRSH1 and BnRSH3 levels could serve as potential markers
of B. napus seed quality. Moreover, the study conﬁrms that the processes that accompany artiﬁcial and natural seed aging vary, underscoring the importance of studying the process with naturally aged
seeds.
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