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Abstract
Currently, much attention is paid to understanding the roles of DNA and the main mechanisms for ensuring stability of the genome in maintaining seed viability during aging. It is also
shown that significant oxidative damage to DNA occurs during seed swelling, and active DNA restoration processes are a factor that facilitates the initiation of DNA replication and rapid germination
of seeds. Our objective was to study, on the example of two pea varieties and their hybrid, the effect
of accelerated seed aging on the level of DNA damage (by DNA comet method) and biochemical
indicators (lipid peroxidation, peroxidase activity, content of low-molecular antioxidants) in cells of
embryos during seed swelling to find a relationship between these parameters and the changes in
physiological parameters of seed germination. It is shown that accelerated aging leads to changes in
pea seed germination capacity which are varietal specific, as well as in the biochemical indicators
studied. The least resistant to the accelerated aging was Melkosemyannyi 2 variety, and the seeds of
Saryal variety were medium-resistant. The seeds of a hybrid of these varieties were the most resistant
which may be due to the effect of heterosis. Seed aging causes a significant increase in DNA damage
assessed as DNA per cent in the tail of the comet and/or atypical comets. The longer the seeds were
under aging conditions, the higher was DNA fragmentation in cells of the embryos upon swelling.
Under 24 weeks of accelerated aging, there was a 1.6-3.3 % increase in DNA found in the tail of the
comet, and the number of atypical comets in the embryo cells increased 17-40-fold depending on
the variety (hybrid) as compared to control. Probably, a significant reduction of seed physiological
parameters was caused by higher degree of nuclear DNA fragmentation, decreased enzymatic antioxidants activity (in particular, activity of peroxidases) and intensified oxidation in embryos. Intensification of oxidative processes is expressed as a 2.5-fold excess of lipid peroxidation in germs of a rapidly aging variety which is accompanied by low seed germination. It is assumed that the increase in
the degree of DNA damage is a consequence of the depletion of antioxidant and repair enzymes and
indicates a slowdown or lack of regenerative processes in the embryos of aging seeds.
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The seeds’ property to stay in a state of physiological dormancy for a
long time, to endure adverse conditions while maintaining the viability, and to
germinate successfully is the necessary condition for the beginning of the plant’s
life cycle and subsequent reproduction [1, 2]. It is considered that the preservation of seeds’ viability for a certain time largely depends on the genetic characteristics of the species, as well as on the storage conditions. Among the factors
influencing on the rate of seeds’ aging, the temperature and humidity are con538

sidered the most significant [3, 4]. In addition, the longevity of seeds is conditioned by their quality which, in turn, is determined by the growing and ripening
conditions, size of seeds, etc.
However, a long-term storage inevitably leads to the delay in sprouting,
reducing of germination or to the complete loss of viability [5, 6]. The main
causes of seeds’ aging and death include the excessive formation of reactive oxygen species (ROS), inactivation of enzymes, destruction of proteins and lipids,
breach of the membranes’ integrity and degradation of DNA [6-9].
Currently, much attention is paid to investigating of the role of damaging
DNA and of the main mechanisms of maintaining the genome’s stability in the
preserving of the seeds’ viability while aging. The experimental material confirming the intensification of the processes of oxidative damage to DNA while the
seeds swelling even their quality is high is being accumulated, and the actively
going processes of DNA recovery are considered as a factor contributing to the
initiation of replication and to the rapid germination of seeds [10]. The most
common damages to the DNA molecule are single-strand and double-strand
breaks, as well as the changes in the structure of purine and pyrimidine bases.
The slowdown of sprouting and reduction of germination of aging seeds are
deemed to be related to the long-term repair of DNA and delayed replicative
synthesis of DNA [11, 12].
The investigation of the seeds’ physiological and biochemical characteristics, predicting their longevity and storability are mainly performed using the
methods of accelerated aging under the conditions conducive to increasing the
seeds’ moisture and while exposing to high temperature [13, 14]. Under the influence of precisely these factors, as a rule, seeds lose their viability in a short time.
The investigation of the interrelation between the embryo genome’s integrity and seeds’ quality is of great interest. However, the information on the
quantitative assessment of the degree of damage to DNA and its influence on the
seeds’ germination capacity available in the scientific literature is quite poor. This
is probably due to the little experience in application of the DNA comet method
on plants while it is widely and efficiently used in the in vivo and in vitro systems
for evaluating the genotoxic effects when affecting of various factors of physical
and chemical nature on human and animal cells and on microorganisms.
In our information release, we described the genotoxic effects and functions of prooxidant and antioxidant systems accompanying the seeds’ aging in
two varieties of edible pea (Pisum sativum L.) and their intervarietal hybrid,
which is important for understanding the physiologic-biochemical changes and
for predicting the recovery processes under the conditions of long-term storage.
As the result, we have not only confirmed the fact of damages to DNA, but also
described them quantitatively, which partially completes the lack of information
about the role of damage to DNA in the seeds’ aging.
The objective of this work is to investigate the influence of accelerated
aging of pea seeds on the indices of their viability, oxidative processes and stability of the nuclear DNA structure in the embryos’ cells while germination (in the
swelling phase).
Techniques. The seeds of three samples (Saryal and Melkosemyannyi 2
varieties and their hybrid Saryal ½ Melkosemyannyi 2) of edible pea (Pisum sativum L.) have been gotten in the conditions of the experimental station located
on the valley side of the Lena river’s middle reach. The plot’s soil is taiga cryogenic, yellowish, solodized soil, typical for the agricultural zone of Central Yakutia. The growing season has been assessed as arid (HTI [hydrothermal index]
= 0.76) and as the most consistent with the long-time average annual data of
observations for Central Yakutia (HTI = 0.72).
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The seeds were germinated in the containers filled at 2/3 of the height
with the sterile quartz sand with the particles size of 0.5-2.0 mm and 80% moisture capacity. The seeds were impressed into the sand with the tamper to the
depth equal to their thickness and germinated in the dark at 20 С. The germination energy was determined on the 4th day, the germination value – on the
8th day. The seeds’ moisture was evaluated gravimetrically (MB45 device by
Ohaus, Switzerland). The seeds of 10-g samples had been ground for 60 seconds
using the rotary grinding system and had been dried for 20 minutes at 150 С.
The values of seeds’ germination and moisture of the initial samples,
which have been determined before the beginning of the experiment, were 9597% and 7% respectively. The accelerated seeds’ aging was provoked according
to the description [13]. The seeds were moistened in the thermostat at 37 С and
relative air humidity of 98%. The value of final seeds’ moisture of each sample
was 13.5%. The control of seed moisture was performed gravimetrically as described above. The comparative samples (controls) were the seeds which have
not been subjected to additional moistening.
For biochemical and molecular studies the embryos tissues were used. The
pea seeds were laid out in Petri dishes in a single layer and filled with distilled water at 2/3; after the seed swelling for 12 hours the embryos were isolated.
The spectrophotometric measurements have been performed using the
UV-2600 device (Shimadzu, Japan). The total content of low molecular weight
antioxidants (LMWA) was determined according to the technique [15] based
on the oxidation of antioxidants with iron chloride (III) with its reduction to
iron chloride (II), the amount of which was measured basing on the change in
staining intensity when the addition of o-phenanthroline (extinction coefficient
 = 52.8 mM1Łcm1 at  = 510 nm). The peroxidase activity (POC, EC 1.11.1.7)
was evaluated basing on the increase of the optical density due to the formation
of the stained product of the o-dianisidine oxidation ( = 30 mM1Łcm1 at
 = 460 nm) for 1 min [16]. The intensity of peroxidation of lipids (LPO) was
evaluated basing on the accumulation of the stained complex of malondialdehyde (MDA) with thiobarbituric acid ( = 155 mM1Łcm1 at  = 532 nm) [17].
The DNA fragmentation degree in the isolated embryos was determined
using the alkaline version of the DNA comet method (gel electrophoresis of single cells) with some modifications [18], which makes it possible to make the
quantitative evaluation of the damages to DNA (single-stranded and doublestranded breaks, alkaline-labile purine and pyrimidine sites) [19]. After the period of seeds swelling, the isolated embryos were placed on ice in the Petri dishes
of 60 mm diameter, coated with 250 μl of cold sodium phosphate buffer (pH
7.5), and then the incisions were accurately made on the embryos with the sharp
razor blade. The dishes were kept in the ice in tilted position so that the nuclei,
which become released from the embryos’ cells into the buffer, accumulate in
the dish lower part. The nuclei containing suspension was purified from major
impurities using the nylon mesh filter with the holes size of 20 μm. Then 60 μl
of the resulted suspension was placed in the test tubes with 240 μl of the 1% solution of low-melting agarose and applied on the glass slides previously coated
with high-melting agarose. After the agarose solidification at the temperature of
4 С, the micropreparations were placed in the alkaline buffer for electrophoresis
(300 mM of NaOH, 1 mM of EDTA, pH > 13) for 20 min for causing the DNA
denaturation and single stranded breaks in the alkaline-labile sites. The electrophoresis has been performed for 20 min at the field density of V = 1 V/cm and
the current strength of  300 mA, then the preparations were washed with sodium phosphate buffer (pH 7.5), fixed in the 70% ethanol solution and dried.
Immediately prior to the microscopy (LabMed-2L fluorescence microscope,
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Russia), the preparations have been stained with SYBR Green I fluorescent
stainer (Sigma-Aldrich, USA; concentration 20 μg/ml) for 30 min and examined
at ½200 magnification using the excitation and cutoff filters (490 and 530 nm
respectively). The obtained images of DNA comets were analyzed using the
CASP 1.2.2 software (http://casplab.com/download). The percentage of DNA in
the comets’ tail (the share of DNA in the comet tail in the total amount of
DNA in the comet in %) has been used as the indicator of DNA damage degree.
The atypical DNA comets with the absent or practically absent head and with a
wide diffuse tail were put into the separate category and their number per 100
DNA comets was calculated [20].
All measurements have been performed in 4 replicates. The experiment
results are presented in the form of arithmetic mean (M) and its standard error
(±SEM). The samples were compared using the one-way analysis of variance
(ANOVA), the statistical significance of the differences with control was determined using the Dunnett’s test for multiple comparison at the significance level
of p < 0.05. The calculation was made using the AnalystSoft package, StatPlus v.
2007 (AnlystSoft Inc., Germany).
Results. The brief description of the varieties and their hybrid used in the
experiment is given in Table 1. The Melkosemyannyi 2 was originated in the
Bashkir Research Institute of Agriculture (Ufa city) in 1961, and since 1963 it
has been included in the State Register of Selection Achievements Authorized
for Use. The Saryal variety was originated in 2002 in the Yakutsk Research Institute of Agriculture (Yakutsk city) by the method of individual selection for
lodging resistance and early ripening on the base of an anonymous sample
(USA), in 2015 it was transferred to the State Variety Testing, and since 2019 it
has been included in the State Register of Selection Achievements Authorized
for Use. The Saryal ½ Melkosemyannyi 2 hybrid was created in the same institute in 2004 and currently is undergoing the station tests in the breeding nurseries of the Yakutsk Research Institute of Agriculture.
1. Studied forms of edible pea (Pisum sativum L.)
Variety, hybrid

Maturing rate

Melkosemyannyi 2
Mid early
Saryal
Mid early
Saryal ½ Melkosemyannyi 2
Mid early

1000 grains weight, g
(M±SEM)

size

Seeds
shape

color

141±1.4
277±3.0

Small
Large

Spherical
Round

White matte
White matte

201±2.0

Medium

Rounded

White matte

2. Germination energy and germination rate of the edible pea (Pisum sativum L.)
seeds depending on the period of exposure to the factors determining the accelerated aging (M±SEM)
Exposure, weeks

Germination energy, %

Germination rate, %

V a r i e t y Saryal
0 (control)
86±6
97±3
6
84±7
86±7
*
12
60±9
82±8*
*
24
22±8
22±8*
V a r i e t y Melkosemyannyi 2
0 (control)
78±8
96±4
6
48±10*
94±5
12
30±9*
46±10*
24
8±3*
8±5*
H y b r i d Saryal ½ Melkosemyannyi 2
0 (control)
62±9
95±4
6
74±9
99±1
12
66±7
84±7
*
24
26±8
32±9*
* Differences with the control are statistically significant at p < 0.05 (ANOVA, Dunnett’s criterion for multiple
comparisons).
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According to existing concepts, seeds aging conditioned by the oxidation
processes in the seed dormancy period, which increases in the swelling period,
leads to metabolic changes which, depending on the damage degree, is expressed
in the slowdown of germination, reducing the viability and death of seeds [7].
The pea varieties and hybrid used in our researches initially (control) differed in the energy of seeds germination (Table 2). The Saryal variety had a high
value (86%), the other two samples had a slightly lower values, 78% for
Melkosemyannyi 2 and 62% for the hybrid. The germination of the investigated
seeds was in the range of 95-97%.
In the course of accelerated aging after the 6-week exposure, the decrease in germination energy by 30% (p < 0.05) was noted only in the Melkosemyannyi 2 variety, that, however, have not affected the germination value
which did not significantly differ from the control. In this variety, the exposure
for 12 weeks led to the decrease in germination energy by another 18%, in germination value by 50% (p < 0.05). In the Saryal variety, the decrease in these
indices relative to control (by 26 and 18%, respectively) also occurred. The significant changes in physiological parameters were observed after 24 weeks under
conditions determining the artificial aging. In the Melkosemyannyi 2 variety the
germination energy and germination value decreased to 8%, in the other two
samples the germination energy was about 24%, in the Saryal variety the germination value decreased 4.4 times and in the hybrid 3.0 times as compared to the
control. Thus, among the investigated samples, the seeds of the Melkosemyannyi
2 variety showed themselves as rapidly aging, the seeds of the Saryal variety had
moderate resistance and the seeds of these varieties’ hybrid showed the high resistance that may be conditioned by the heterotic effect. Our data on the varietyspecific peculiarity of changing of physiological parameters in the course of seeds
aging are consistent with the results of other researchers [21, 22].
During the storage, seeds are characterized by low moisture content
which leads to their insignificant metabolic activity, while the autooxidation processes generate free-radical products of reactions [23]. Seed swelling is the most
critical stage of seeds germination, which leads to the release of ROS (reactive
oxygen species) formed both during the storage and due to the increased respiratory activity [7]. We have investigated the accumulation of MDA (malondialdehyde) (as the end product of lipids peroxidation) in the embryos’ cells of the
aging pea seeds after the 12-hour swelling (Fig. 1, A).
In the embryo cells of the seeds of two samples characterized by medium
and high resistance to aging, a 1.5-fold increase in MDA accumulation as compared to the control (in the Saryal variety after 6 weeks, in the hybrid after 12
and 24 weeks) has been detected. In the Melkosemyannyi 2 variety, such increase
has not been noted that (taking into account the highest aging rate in this sample)
does not exclude the intense lipids peroxidation (LPO) in the period between 0
and 6 weeks. At the same time, after 24 weeks of exposure to aging factors, in this
variety, the LPO intensity was 2.5 times higher than in the control.
It should be noted the absence of the linear dependence of LPO on the
duration of accelerated aging.
It is deemed that low molecular weight antioxidants play a decisive role in
the inactivation of ROS under the conditions of increasing oxidative stress that is
conditioned, among other factors, also by the depletion of the pool and/or of the
enzymatic antioxidants’ activity in the course of long-time oxidative exposure [7,
24]. We have determined the LMWAs content (Fig. 2) and the peroxidase’s activity (see Fig. 1, B) in the embryos’ cells while the seeds’ swelling at different time
points during the artificial aging. Peroxidase is a bifunctional enzyme participating
in peroxidation or oxidation and in the release of ROS. Also, this protein is related
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with the cell elongation and growth limiting reactions [25, 26].
The POA activity in
the embryo cells of the rapidly aging seeds of the Melkosemyannyi 2 variety decreased as the exposure period
extends, in 6-12 weeks 2 times,
and after 24 weeks 4 times as
compared to the control (see
Fig. 1, B). Initially, LMWAs
content decreased 1.5 times (6
weeks), and by the end of the
24th week it increased 1.5
times compared to the control (see Fig. 2). In the Saryal variety which showed the
medium aging rate (among
the investigated samples) the
enzyme activity decreased by
60-65% for 6-24 weeks. At
the same time, the LMWAs
amount decreased by 23%
(p < 0.05) only at the last term
of accelerated aging. The hyFig. 1. The accumulation of malondialdehyde (MDA) (A) and brid, which was the most reperoxidase activity (POA) (B) in the embryos’ cells of the sistant, was characterized by
swollen seeds of pea (Pisum sativum L.) depending on the pethe statistically significant
riod of exposure to the factors determining the accelerated
aging: a — the control or the value indistinguishable from it; 2.5-fold decrease of peroxib — the value differing from the control; c — the value dif- dase activity (POA) only affering both from a and b (the differences are statistically sigter 24 weeks of aging, while
nificant at p < 0.05 according to the Dunnett’s test for multhe LMWAs content was 1.4
tiple comparisons).
times higher than in the control over the entire observation period.
Thus, the pea seed
aging led to the decrease in
peroxidase activity in the embryo cells of the swollen seeds.
The change in the LMWAs
content in the investigated
pea samples under the conditions of increasing oxidative
stress was multidirectional.
Fig. 2. Content of low molecular weight antioxidants
As the result of breach
(LMWA) in the embryos’ cells of the swollen seeds of pea
of
the
oxidation-reduction
ba(Pisum sativum L.) depending on the period of exposure to the
lance,
which
is
conditioned
factors determining the accelerated aging: a — the control or
the value indistinguishable from it; b — the value differing by the excessive generation of
from the control; c — the value differing both from a and b
ROS and decrease of the en(the differences are statistically significant at p < 0.05 accordzymatic activity, the breach
ing to the Dunnett’s test for multiple comparisons).
of the DNA structure’s integrity is initiated [7, 10]. Using the alkaline version of the DNA-comet method in
our researches made it possible to make the quantitative comparison of the nuclear DNA fragmentation degree in the embryo cells in the swelling period be543

tween the control samples and the seeds subjected to accelerated aging (Table 3).
In the control samples, the share of DNA in the comet’s tail was 9-22%. The
seed aging led to the statistically significant (p < 0.05) increase of the DNA
damage degree compared with the control: in the Saryal variety by 13% since
the 24th week of exposure, in the Melkosemyannyi 2 variety by 2.2-31.2% since
the 12th week and in the hybrid by 3.5-20.5% since the 6 week. The comets
with the absent or practically absent head and with a wide diffuse tail (the socalled “ghost cells” or “hedgehogs”) have also been detected. The appearance of
such atypical DNA comets is deemed an indicator of irreversible processes, i.e.
cell death related to the strong oxidative stress, or of the formation of apoptotic
cells being at the stage of chromatin fragmentation [27-29].
3. The degree of damage to nuclear DNA in the embryo cells of pea Pisum sativum
L. seeds depending on the period of exposure to the factors determining the accelerated aging (M±SEM)
Exposure, weeks

DNA in the comet’s tail, %

Atypical DNA comets, %

V a r i e t y Saryal
0 (control)
22.3±1.8
6
18.0±2.5
12
20.7±2.9
24
35.3±0.8*
V a r i e t y Melkosemyannyi 2
0 (control)
17.4±0.5
6
19.1±2.9
12
19.6±0.1*
24
48.6±2.7*
H y b r i d Saryal ½ Melkosemyannyi 2
0 (control)
8.7±0.6
6
12.2±1.8*
12
13.1±1.3*
24
29.2±1.8*
* Differences with the control are statistically significant at p < 0.05 (ANOVA, Dunnett’s
comparisons).

1.0±0.3
4.7±0.5*
10.5±0.5*
17.0±1.7*
1.5±1.0
10.4±2.0*
10.3±1.9*
60.5±3.0*
0.5±0.2
2.4*±0.6
7.5*±0.9
17.0±0.5*
criterion for multiple

The experiment showed the increase of the share of atypical comets in
all the investigated samples of pea as the period of exposure to the factors of accelerated seeds aging extends. After the 24-week artificial aging, the number of
atypical comets increased 17-40 times relative to the control depending on the
variety. The comparison of the obtained data showed that when the atypical
comet share increased to 10%, the seed germination energy decreased by 2530% while the germination value either did not differ from the control or decreased slightly. This fact may testify about going of repair processes in the embryos’ cells at the seeds’ hatching stage and is consistent with the results of the
researches [30, 31], in which it has been shown that under the effect of peroxide
in the concentration which does not cause a cytotoxic effect, the repair of damaged DNA regions is possible. The further increase of DNA fragmentation led to
the decrease of the seeds’ germination energy and germination value, which testified about a certain critical level of damages to DNA and a significant decrease
of the influence of DNA repair processes.
Thus, the results obtained in this work testify that the accelerated aging
exerts different influence on the germination value and germination energy of
the seeds, as well as on the biochemical characteristics of the embryo cells of the
investigated varieties and inter-variety hybrid of edible pea. The Melkosemyannyi 2 variety showed the lowest resistance to the artificial aging conditions; the
seeds of the Saryal variety showed medium resistance. The seeds of the intervariety hybrid showed the highest resistance, which is probably owing to the
heterosis effect. The influence of accelerated aging for 24 weeks led to the 1.63.3-fold increase of the DNA share in the comet tail while the number of
atypical comets in different samples (varieties and hybrid) increased 17-40 times
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compared to the control. The significant decrease in the physiological characteristics in the less resistant pea variety, which has been caused by the aging
conditions, could be conditioned by the high degree of the nuclear DNA fragmentation, decrease of the antioxidant enzyme activities (in particular, of peroxidase), and by the increasing intensification of oxidative processes (exceeding
the control value of lipids peroxidation by 2.5 times in the rapidly aging variety
together with low germination) in the embryo cells. Based on the obtained data,
it can be assumed that the increase of the DNA damage degree in the investigated pea varieties occurs due to the “depletion” of enzymatic antioxidant and
repair systems and testifies about the slowdown or loss of restoration processes
in the embryo cells of aging seeds.
REFERENCES
1.

2.
3.
4.

5.
6.
7.
8.

9.

10.

11.
12.

13.
14.

15.
16.
17.
18.

19.

Rajjou L., Duval M., Gallardo K., Catusse J., Bally J., Job C. and Job D. Seed germination
and vigor. Annual Review of Plant Biology, 2012, 63: 507-533 (doi: 10.1146/annurev-arplant042811-105550).
Bewley J . D . Seed germination and dormancy. Plant Cell, 1997, 9: 1055-1066 (doi:
10.1105/tpc.9.7.1055).
Walters C., Wheeler L.M, Grotenhuis J.M. Longevity of seeds stored in a genebank: species
characteristics. Seed Science Research, 2005, 15: 1-20 (doi: 10.1079/SSR2004195).
Miura K., Lin Y., Yano M., Nagamine T. Mapping quantitative trait loci controlling seed longevity in rice (Oryza sativa L.). Theor. Appl. Genet., 2002, 104: 981-986 (doi: 10.1007/s00122002-0872-x).
Roberts E.H. Storage environment and the control of viability. In: Viability of seeds. E.H. Roberts
(ed.). Chapman and Hall, London, UK, 1972: 14-58 (doi: 10.1007/978-94-009-5685-8_2).
Priestley D.A. Seed aging. Implications for seed storage and persistence in the soil. Ithaca, Cornell
University Press, 1986.
Bailly C. Active oxygen species and antioxidants in seed biology. Seed Science Research, 2004,
14: 93-107 (doi: 10.1079/SSR2004159).
El-Maarouf-Bouteau H., Mazuy C., Corbineau F., Bailly C. DNA alteration and programmed
cell death during ageing of sunflower seed. Journal of Experimental Botany, 2011, 62(14): 50035011 (doi: 10.1093/jxb/err198).
Murthy U.N., Kumar P.P., Sun W.Q. Mechanisms of seed ageing under different storage conditions for Vigna radiata (L.) Wilczek: lipid peroxidation, sugar hydrolysis, Maillard reactions
and their relationship to glass state transition. Journal of Experimental Botany, 2003, 54(384):
1057-1067 (doi: 10.1093/jxb/erg092).
Waterworth W.M., Bray C.M., West C.E. The importance of safeguarding genome integrity in
germination and seed longevity. Journal of Experimental Botany, 2015, 66(12): 3549-3558 (doi:
10.1093/jxb/erv080).
Burgess R.W., Powell A.A. Evidence for repair processes in the invigoration of seed by hydration. Annals of Botany, 1984, 53(5): 753-757 (doi: 10.1093/oxfordjournals.aob.a086741).
Elder R., Osborne D. Function of DNA synthesis and DNA repair in the survival of embryos
during early germination and in dormancy. Seed Science Research, 1993, 3: 43-53 (doi:
10.1017/S0960258500001550).
Safina G.F., Filipenko G.I. Trudy po prikladnoi botanike, 2013, 174: 123-130 (in Russ.).
Alekseichuk G.N., Laman N.A. Fiziologicheskoe kachestvo semyan i metody ego otsenki. Pod
redaktsiei S.I. Griba [Physiological quality of seeds and methods for its assessment. S.I. Grib
(ed.)]. Minsk, 2005.
Ermakov A.I. Metody biokhimicheskogo issledovaniya rastenii [Methods of plants biochemistry].
Leningrad, 1987 (in Russ.).
Lebedeva O.V., Ugarova N.N., Berezin I.V. Biokhimiya, 1977, 42: 1372-1379 (in Russ.).
Vladimirov Yu.A., Archakov A.I. Perekisnoe okislenie lipidov v biologicheskikh membranakh [Lipid peroxidation in biological membranes]. Moscow, 1972 (in Russ.).
Gichner T., Patkova Z., Szakova J., Demnerova K. Cadmium induces DNA damage in tobacco
roots, but no DNA damage, somatic mutations or homologous recombination in tobacco leaves.
Mutation Research, 2004, 559: 49-57 (doi: 10.1016/j.mrgentox.2003.12.008).
Tice R.R., Agurell E., Anderson D., Burlinson B., Hartmann A., Kobayashi H., Miyamae Y.,
Rojas E., Ryu J.-C., Sasaki Y.F. Single cell gel/Comet assay: guidelines for in vitro and in vivo
genetic toxicology testing. Environmental and Molecular Mutagenesis, 2000, 35: 206-221 (doi:
10.1002/(SICI)1098-2280(2000)35:3<206::AID-EM8>3.0.CO;2-J).

545

20. Zhanataev A.K., Nikitina V.A., Voronina E.S., Durnev A.D. Prikladnaya toksikologiya, 2011,
2(4): 28-37 (in Russ.).
21. Sisman S., Delibas L. Storing sunflower seed and quality losses during storage. Journal of Central European Agriculture, 2004, 4: 239-250 (doi: 10.2298/hel0542115c).
22. Mohammadi H., Soltani A., Sadeghipour H.R., Zeinali E. Effects of seed aging on subsequent
seed reserve utilization and seedling growth in soybean. International Journal of Plant Production, 2011, 5(1): 65-70 (doi: 10.22069/IJPP.2012.720).
23. McDonald M.B. Seed deterioration: physiology, repair and assessment. Seed Science and Technology, 1999, 27: 177-237.
24. Avila M.R., Braccini A.L., Souza C.G.M., Mandarino J.M., Bazo G. L., Cabral Y.C.F. Physiological quality, content and activity of antioxidants in soybean seeds artificially aged. Revista
Brasileira de Sementes, 2012, 34(3): 397-407 (doi: 10.1590/S0101-31222012000300006).
25. Morohashi Y. Peroxidase activity develops in the micropylar endosperm of tomato seeds prior to
radicle protrusion. Journal of Experimental Botany, 2002, 53: 1643-1650 (doi: 10.93/jxb/erf012).
26. Passardi F., Penel C., Dunand Ch. Performing the paradoxical: how plant peroxidases modify
the cell wall. Trends in Plant Science, 2004, 9(11): 534-540 (doi: 10.1016/j.tplants.2004.09.002).
27. Olive P.L., Banath J.P. Sizing highly fragmented DNA in individual apoptotic cells using the
comet assay and a DNA crosslinking agent. Experimental Cell Research, 1995, 221(1): 19-26
(doi: 10.1006/excr.1995.1348).
28. Yasuhara S., Zhu Y., Matsui T., Tipirneni N., Yasuhara Y., Kaneki M., Rosenzweig A.,
Martyn J.A. Comparison of comet assay, electron microscopy, and flow cytometry for detection of
apoptosis. Journal Histochem. Cytochem., 2003, 51(7): 873-885 (doi: 10.1177/002215540305100703).
29. Zhanataev A.K., Anisina E.A., Chaika Z.V., Miroshkina I.A., Durnev A.D. Tsitologiya, 2017,
59(3): 163-168 (in Russ.).
30. Rundell M., Wagner E., Plewa M. The comet assay: genotoxic damage or nuclear fragmentation? Environmental and Molecular Mutagenesis, 2003, 42: 61-67 (doi: 10.1002/em.10175).
31. Lorenzo Y., Costa S., Collins A., Azqueta A. The comet assay, DNA damage, DNA repair
and cytotoxicity: hedgehogs are not always dead. Mutagenesis, 2013, 28: 427-432 (doi:
10.1093/mutage/get018).

546

