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ABSTRACT 
During seed transition from quiescence to metabolic activity and subsequent germination, orthodox seeds become sensitive to stress. 
Aging seeds become particularly sensitive to stress conditions and during storage, seeds undergo aging that deteriorates their quality. Each 
seed lot contains strong seeds, weak seeds, and dead seeds, but dry seed quality cannot be assessed prior to germination. Nevertheless, air-
dry pea seeds differing in germinability can be divided into three fractions using the method of room temperature phosphorescence (RTP): 
fraction I, alive high-quality seeds which will produce normal seedlings; fraction II, alive but weak seeds which will produce morpho-
logically abnormal seedlings or will not germinate at all; and fraction III, dead seeds. The imbibition patterns of fraction I and fraction II 
seeds were compared during germination. The water uptake during imbibition was higher in the fraction II seeds than in those of fraction I. 
A higher respiration rate and greater limitation of oxygen diffusion by seed coats in fraction II seeds induced oxygen deficiency, which 
can be considered as hypoxic conditions for embryo. In order to assess the hypoxia level, we developed a non-intrusive luminescent 
method based on endogenous porphyrin phosphorescence of seeds. Result showed that hypoxia did not appear in fraction I seeds. In 
fraction II pea seeds, the hypoxia starts to develop after 12-16 h imbibition. When oxygen deficiency enhanced, alive seeds did not 
germinate as they died due to suffocation during imbibition. If the level of oxygen deficiency was not high (<50 arbitrary units (aU) of 
porphyrin phosphorescence) and radicles protruded, the emerging seedlings exhibit various morphological defects. Since hypoxia did not 
impair DNA replication (2C-4C) prior to radicle protrusion, it did not directly contribute to morphological abnormalities in seedlings. 
_____________________________________________________________________________________________________________ 
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INTRODUCTION 
 
Orthodox seeds are seeds which survive natural dehydration 
or drying to low water content, when seeds have lost free 
water. It is commonly supposed that orthodox seeds do not 
experience stress, because air-dry seeds have extremely 
slow rate of metabolism. Moreover, owing to seed coats, 
seeds are protected from abrupt environmental changes. 
However, seed transition from quiescence to active meta-
bolism and germination results in acquired sensitivity to 
stress conditions, the phenomenon being more evident in 
deteriorating seeds by age. 

The quality of seeds declines during storage at various 
rates (Isely 1957), and any seed lot consists of a wide range 
of quality seeds, whish may be classified as strong and 
weak seeds (alive and able to produce normal or abnormal 
seedlings, respectively), and dead seeds, which do not ger-
minate at all. Generally, air-dry as well as early imbibing 
pea seeds of different quality show no visible difference. 
Only at germination, the difference between normal and ab-
normal seedlings (seed quality) is visible (Fig. 1). Accor-
ding to ISTA (1996) if the radicle emerges the seeds are 
considered viable. If the radicle emergence does not occur 
after six days of imbibition the seeds may be considered as 
non-viable. The pea seeds are taken germinated if they pro-
duced normal seedlings after 6-day germination, whereas 
they are recorded non-germinated if they produced seed-
lings with morphological defects. 

The method of room temperature phosphorescence 
(RTP) adopted here allowed us to separate any lot of low-
quality air-dry seeds into three fractions comprising strong, 
weak and dead seeds (Veselova et al. 1999). Strong seeds 
of fraction I produced only normal seedlings. Weak seeds 

of fraction II either produced morphologically defective 
seedlings or did not germinate at all. Fraction III contained 
non-viable seeds. 

The fractionation of air-dry pea seeds according to their 
room temperature phosphorescence has revealed the ap-
pearance of a weak seed fraction in the initially homogene-
ous seed lot after accelerated seed aging or after �-irradia-
tion. These seeds mostly produced abnormal seedlings with 
morphological defects (Veselova et al. 1999; Veselovsky et 
al. 2006). 

Probably, morphological defects of seedlings were due 
to the impairment of cell divisions in the embryo axis (Rob-
erts 1972; Priestley 1986; Vertucci 1989). During storage of 
air-dry orthodox seeds, the impaired cell division and ap-
pearance of abnormal seedlings may follow from: (a) lipid 
peroxidation (Smith and Berjak 1995); (b) irreversible non-
enzymic reaction of lipid peroxidation product (malonic 
dialdehyde, MDA) or reducing sugars (glucose, galactose) 
with amino groups of membrane proteins and nucleic acids 
(amino-carbonyl reaction) (Sun and Leopold 1995; Murthy 
and Sun 2000; Murthy et al. 2003); and (c) higher permea-
bility of cell membranes (Roberts 1972; Bewley and Black 
1994; Golovina et al. 1997). Chromosome abberrations 
were not observed in dry seeds, but appeared in imbibing 
seeds (Roberts 1972). 

During the transition from quiescence to imbibition cell 
division can be impaired by the following causes; (a) 
Imbibition stress. When the water flow into dry seeds is too 
rapid, the embryo membranes may loss their integrity, 
thereby causing the leakage of ions, amino acids, carbo-
hydrates, and other substances. Upon the submergence of 
decoated pea seeds, some embryo cells die within few min-
utes or even seconds (Larson 1968; Duke and Kakefuda 

® 



Plant Stress 3 (1), 71-78 ©2009 Global Science Books 

 

1981; Powell and Mattews 1978; Hoekstra et al. 2001). (b) 
Hypoxia stress. When the imbibition proceeds under exces-
sive water content, the seeds, especially large seeds, suffer 
from oxygen deficiency. Toxic products of anaerobic fer-
mentation inhibit seed germination (James 1953; Duke and 
Kakefuda 1981). (c) Post-hypoxic stress. Studies on hypo-
xic states in plant and animal tissues and cell cultures 
showed that the post-hypoxic aeration was even more dan-
gerous than anoxia because of the so-called post-hypoxic 
oxidative stress (Crawford et al. 1994; Pfister-Sieber and 
Brandle 1994). 

The aim of our work was to investigate the stress state 
of aging pea seeds during imbibition and germination. Ex-
perimental work was carried out to determine: (1) the effect 
of rapid water inflow into air-dry seeds, resulted in loss of 
viability; (2) the role of hypoxia in destroying the embryo 
axis cells during the imbibition; (3) possibility of develop-
ment of eventual morphological defects in emerging seed-
lings due to hypoxia stress. 

 
MATERIALS AND METHODS 
 
Seed material 
 
Commercial pea (Pisum sativum L. cv. ‘Nemchinovskii’) seeds 
stored at room temperature (20-25°C) were used. Undamaged 
seeds of uniform size and weight 225 ± 25 mg were selected. 

 
Germination and radicle protrusion testing 
 
Seeds (four replicates of 25 seeds) were allowed to germinate at 
20°C in filter paper rolls moistened with tap water. Radicle pro-
trusion was recorded when the length of embryo axis organs in a 
germinating seed exceeded 4 mm. Seeds were defined as germi-
nated if they produced normal seedlings after 6-day germination. 
Seedlings with morphological defects and various growth distur-
bances (seedlings with well-developed main root lacking epicotyl, 
with well-developed epicotyl lacking hypocotyl, with disturbed 

root growth due to impaired meristem or with two roots; with 
stubby, retarded and spindly roots) were classified as abnormal ac-
cording to ISTA Rules (ISTA 1996). Following these rules, seeds 
must be considered non-viable if radicle emergence did not occur 
after six days of imbibition. 
 
Seed imbibition 
 
Seed imbibition rate was measured by the weighing method. Each 
seed blotted with filter paper was weighed after 0, 2, 4, 6, 8, 24 
and 48 h imbibition. Seed fresh weight increment was expressed 
as the percentage of initial seed weight. 

Seeds from fractions I, II and III (20 seeds in each) separated 
by RTP method (see results) were allowed to imbibe on a plastic 
tray (32 × 22 × 9 cm) at 20-22°C. A piece of glass (31 × 21 × 0.4 
cm) was placed on the bottom of the tray on special plates (20 × 2 
× 0.5 cm) so that it did not touch the bottom. The glass was 
covered with filter paper with a plastic grid (0.3 cm high, with 
cells of 2 × 2 cm) on it. Each seed was placed into individual cell. 
Seeds were covered with an additional layer of filter paper. Water 
was added into plastic tray in such a manner, that seeds did not 
touch the surface of free water. After 48 h imbibition, seeds were 
transferred to rolled towels which were placed in an upright posi-
tion for germination test. 

In order to study the imbibition damage, air-dried seeds were 
allowed to imbibe in Petri dishes (6 cm in diameter) between two 
layers of filter paper at 18°C. Four milliliters of water or 16.5% 
polyethylene glycol (PEG-6000, Serva, Germany) solutions (os-
motic potential of -0.3 MPa) were added into each dish, con-
taining 10 seeds. To reduce the imbibition damage in some experi-
ments Petri dishes were placed in a thermostat at 26°C with seeds 
submerged with their lower side to a depth of 1-2 mm, or seeds 
were prehydrated at 18°C and 100% relative humidity (RH) for 48 
h at room temperature and then allowed to imbibe in Petri dishes 
with water (4 ml) at 18°C. After 20 h imbibition, these seeds were 
transferred for germination into the filter paper rolls. 

 
 

Imbibed seeds

Pisum sativum L. 

Seeds with radicle protrusion 
(viable)

Dry seeds

Seeds without 
radicle protrusion

(dead)

Normal seedlings
(germinated seeds)

Abnormal seedlings
(non-germinated seeds)

 
Fig. 1 A scheme of imbibing pea seed behavior at germination. 
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Oxygen uptake 
 
Oxygen uptake by individual seeds (intact and without seed coat) 
or excised individual embryo axis was measured polarographically 
(L7 Polarograph, Laboratorni Pristroje, Praha) at 20°C, using a 
Clark-type electrode with a diameter of 20 μm and 8-μm thick 
film (E5047 PO2 Electrode, Radiometer A/S, Denmark). An axis 
(7 mg) was incubated in the chamber with 60 μl water. In the case 
of intact or decoated seed, its side was took the place of the out-
ward wall of this chamber (diameter 7 mm). The decline of oxy-
gen partial pressure in the chamber during O2 uptake was recorded 
in each seed (or axis) three times: after full depletion of oxygen in 
the chamber by respiring seed, a new portion of water was added 
to the chamber. Oxygen concentration was expressed as μMol/l. 
The rate of oxygen uptake was calculated from the slope of the 
oxygen pressure curve and expressed as μMol/(min.seeds). Expe-
riments were conducted in five replicates. 
 
RTP in air-dry seeds and phosphorescence of 
endogenous porphyrins in imbibing seeds 
 
Phosphorescence was measured with a device as previously des-
cribed (Veselova at al. 1999). The system consisted of double-disk 
phosphoroscope that provided intermittent illumination of a seed 
with 6 ms flashes (a KGM-100 incandescent lamp, Russia, illumi-
nance of 60 klx). The seed phosphorescence was measured in the 
dark between recurrent flashes, within 3-18 ms after the light pulse. 
The phosphorescence of each seed was measured for 2-3 s with a 
FEU-79 photomultiplier tube (Russia) and expressed in arbitrary 
units. 
 
Analysis of nuclear DNA amount 
 
This analysis was carried according to Redfearn et al. (1995) with 
a modification. Two mm-long radicle tips were excised from the 
embryo axes. Nuclear samples were prepared by grinding five 
radicle tips in 0.7 ml of isolation buffer (0.2 M mannitol, 10 mM 
Mes-buffer, 10 mM NaCl, 10 mM spermine tetrahydrochloride, 
2.5 mM Na2-EDTA, 2.5 mM dithiothreitol, 0.05 v/v Triton X-100, 
pH 5.8). Then 10 μl of 5 μg/ml ethidium bromide solution was 
added to induce DNA fluorescence. The nuclear DNA content was 
measured 10 min after the ethidium bromide addition with a 
microfluorometric analyzer by placing 10 μl of suspension on a 
slide under a fluorescence microscope (LUMAM 13, Russia). The 
image was scanned with a video camera (QX3, Intel, USA) and 
analyzed with an original computer program GFAOC IAFC deve-
loped at Biophysics Department by V.B. Turovetsky and S.V. Gal-
chuk. The average intensity of each stained nucleus and back-
ground were measured for 600-800 nuclei (25-80 nuclei per slide) 
at each experimental point. The fluorescence intensity was calcu-
lated as the difference between the intensity of each nucleus and 
background reading. The DNA content per nucleus was calculated 
from the intensity of nuclear fluorescence. The amount of 2C 
DNA nuclei was taken according to the nuclear fluorescence in dry 
pea seeds. 
 
RESULTS AND DISCUSSION 
 
Fractional composition of air-dried seed lots 
 
Previous work (Veselovsky and Veselova 1990; Veselova et 
al. 1999) reported that air-dry seeds produce delayed light 
emission (room temperature phosphorescence, RTP) after 
exposure to white irradiation. Water reduces this emission. 
With water content increasing from 6 to 20% of seed fresh 
weight, the RTP intensity decreased linearly in semi-loga-
rithmic coordinates. The RTP method permits detection of 
0.1-0.2% difference in the equilibrium water content for 
each individual seeds in a seed sample. The close relation-
ship between RTP and seed moisture content indicates that 
the distribution of seeds according to RTP reflects actually 
the distribution of seeds according to their water content. 

In the lot of aged seeds with 48% germination, the dis-
tribution of air-dry seeds by RTP exhibits three maxima 
(Fig. 2), allowing to sort three fractions with different seed 

quality: viable seeds in the fractions I and II and dead seeds 
in fraction III, as previously reported by Veselova et al. 
(1999). 

When pea seeds germinated at 18°C between two layers 
of filter paper, the seeds of fraction I produced 96-98% nor-
mal seedlings. In the fraction II, 50-60% of seeds did not 
germinate at all; 35-40% of seeds produced seedlings with 
morphological defects, and the remaining 10-15% of seeds 
produced seedlings with normal habitus, although the length 
of their main roots was 2-3 times shorter than those from 
fraction I seeds. Fraction III seeds did not germinate. 

In order to explain why the number of non-germinated 
seeds exceeds fraction III and why the viable seeds of frac-
tion II did not germinate water uptake rate, respiration rate, 
and RTP changes were determined during the imbibition of 
each sorted fraction seeds. Samples of seeds from fraction I 
(RTP intensity 25 ± 5 aU, moisture content 9.8% fresh 
weight), fraction II (50-60 aU, moisture content 8.9%), and 
fraction III (80-100 aU, moisture content 8.2%) were ana-
lyzed. Attemps were also made to clarify at which stage – 
during storage of dry seeds or at a certain step of germina-
tion – the normal morphogenesis becomes to be impaired 
resulting in morphologically defective seedlings. 
 
Phosphorescence of imbibed seeds 
 
When intact air-dry pea seeds were placed on wet filter 
paper, their RTP dropped to a background level within 2-h 
imbibition (Fig. 3, the emission decrease to the left from 
dotted line). However, when seeds were kept on filter paper 
for a longer period (10-12 h), the emission of imbibing 
seeds appeared (Fig. 3, the emission to the right from dotted 
line). This emission recovery was characteristic of fraction 
II seeds and was not observed in fraction I seeds. Later on, 
the emission increased with time; the higher was ambient 
temperature, the faster was the increasing (Veselova et al. 
2003). Dead seeds of fraction III did not contribute to light 
emission. 

The strong seeds from fraction I showed either no emis-
sion or it was very weak, which disappeared after the em-
bryo radicle penetrated through the seed coat (Fig. 3, curve 
1). 

When the fraction II seeds imbibed for 24-48 h, the 
emission of some seeds increased five-fold or even higher 
as compared to RTP of air-dry seeds. In this case the seed 
softened and then lysed (curve 3). If the embryonic radicle 
of fraction II seeds was able to protrude through the seed 
coat within 40-42 h of imbibition, the emission declined 
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slowly (curve 2). However, such seeds usually produced 
morphologically abnormal seedlings. These data suggested 
that the increase in emission of fraction II imbibing seeds 
indicates the deterioration and loss of viability. 
 
Imbibing seed emission spectra 
 
In order to elucidate the nature of the imbibing seed emis-
sion, we compared its spectral characteristics with those of 
RTP of air-dry seeds. The RTP spectra had a broad band in 
the 400-800 nm range without clear structure (Fig. 4, curve 
1) (Veselova et al. 1985). Hence, this emission seems to be 
caused by several sources. The emission spectrum of imbi-
bing seeds occupies the red region and has four pronounced 
maxima (curve 2). The excitation spectrum has three ma-

xima at 360, 420 and 560 nm (curve 3). The emission and 
excitation spectra of imbibing seeds exhibited a typical 
band structure specific for phosphorescence of metal-free 
porphyrins (pheophorbid). Apparently, these endogenous 
seed porphyrins are the products of chlorophyll degradation 
(Matile et al. 1999; Eckardt 2009). 
 
Porphyrin phosphorescence as a measure of 
hypoxia 
 
The phosphorescence of biopolymers is usually observed at 
cryogenic temperatures. At temperatures above 170 K, 
phosphorescence declines quickly because of oxygen dif-
fusion that quenches molecular excitations (Guillet 1987). 
The RTP of air-dry seeds can be detected because the oxy-
gen content inside seeds is very low. After seed moistening, 
the oxygen diffusion into the seeds increases and phospho-
rescence declines. 

Porphyrin phosphorescence can be detected only at low 
oxygen concentration (Terenin 1967). Thus, the emission 
originates only from those seed parts that undergo oxygen 
deficiency. Previous work (Veselova et al. 1988) reported 
that moistened soybean seed coats, cotyledons, and embryo 
axes did not emit light in the atmospheric air. The emission 
of intact soybean seeds disappeared upon the wounding of 
seed coat. After the emission disappeared by seed coat im-
pairment, it could be recovered by subsequent transfer of 
seeds into a nitrogen atmosphere or oxygen-free water to 
which Na2SO3 was added. In deoxygenated media all seed 
parts emitted phosphorescence. Thus, the phosphorescence 
of intact imbibing soybean seeds is due to oxygen defici-
ency arising under the seed coat. 

In imbibing pea seeds, the hypoxia apparently deve-
loped not only under the seed coat, but also in the embryo 
cells. When an imbibing pea seed showing porphyrin phos-
phorescence intensity of 245 aU was decoated, the level of 
porphyrin phosphorescence decreased to 150 aU (Table 1). 
When the cotyledon was fragmented, the phosphorescence 
declined to 100 aU, but the complete phosphorescence dis-
appearance was observed only after seed homogenization. 
The homogenate emission reappeared under anoxic condi-
tion (in the presence of Na2SO3). 

The oxygen deficiency in imbibing legume seeds is one 
of the injuring factors during germination (Duke and Kake-
fuda 1981). Hypoxia usually arises because the rapid oxy-
gen consumption by seed embryo is not counterbalanced by 
oxygen diffusion through the seed coat that acts as a hardly-
permeated barrier for water and oxygen transport toward 
the embryo (James 1953; Larson 1968; Leblova 1978; Al-
Ani et al. 1985). 

The decrease in oxygen concentration inside a sealed 
chamber due to the cytochrome-mediated respiration of 
embryo axes led to the proportional increase in porphyrin 
phosphorescence (Fig. 5). Inhibition of mitochodrial res-
piration by cyanide deccelerated oxygen consumption and 
was accompanied by an increase in porphyrin phosphores-
cence (Veselova et al. 1988). As a result, the phosphores-
cence intensity of endogenous porphyrins was used as a 
marker of oxygen deficiency in imbibing seeds. 
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Table 1 Porphyrin phosphorescence in intact pea seed and its parts. 
 Porphyrin phosphorescence (aU) 
Intact imbibing seed 245 ± 18 
Seed coat 0 
Embryo (decoated seed) 150 ± 12 
Cotyledon 100 ± 8 
Crushed cotyledon 60 ± 5 
Homogenized cotyledon 0 

aU = arbitrary units 
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Why does hypoxia arise in weak seeds of fraction 
II but does not appear in fraction I seeds? 
 
To answer this question, the rates of water uptake and oxy-
gen consumption were estimated in seeds from each sorted 
fractions. 

The rate of water uptake during seed imbibition was 
two-fold higher for fraction II seeds compared to fraction I 
(Fig. 6). In dead seeds of fraction III, the water uptake rate 
was even higher. Since the seed coat is the main barrier on 
the water absorption likely it retarded the water flow into 
seeds of fractions I and II to aproximately equal extent. 
Therefore, various rates of water uptake by seeds of frac-
tions I and II might reflect different states of water channels 
formed by aquaporins rather than variations in permeability 
of seed coats (Veselova and Veselovsky 2006). 

The appearence of free water in imbibing seeds was 
accompanied by activation of oxygen consumption. The 
rate of oxygen consumption reached a steady-state level 
when the pea seed moisture content approached 30-35%. 
After completion of mitochondrial biogenesis at pea seed 
moisture content of 45% (Obroucheva 1999), the rate of 
oxygen uptake increased again, and the affinity of respira-
tion to oxygen became higher. Fig. 7 shows oxygen uptake 
rates as a function of pO2 for intact (I and II) and decoated 
(I' and II') seeds from fractions I and II after 20-h imbibition. 
At this stage of imbibition, the water content was 43% for 
fraction I seeds; 50%, for fraction II seeds. This means that 
a higher rate of oxygen uptake by fraction II seeds, as com-
pared to fraction I seeds, was due to the completion of 
mitochondriogenesis and fully-developed cytochrome respi-
ration. 

Our measurements of oxygen uptake by intact and de-
coated seeds showed that the seed coat in fraction I seeds 
reduced oxygen uptake by factor of 2.1 (15 and 32 μmol O2 
min-1seed-1 with and without seed coat, respectively) (Fig. 
7). The seed coat of fraction II seeds reduced oxygen uptake 
by factor 2.6 (29 and 76 μmol O2 min-1seed-1 with and with-
out seed coat, respectively). Apparently, the oxygen defici-
ency in the fraction II seeds was due to a higher oxygen 
uptake rate by the seed embryo and to slower oxygen dif-
fusion through the seed coat in fraction II seeds. 

The rate of oxygen uptake by dead seeds of fraction III 
was close to zero (Fig. 7, curve III). Since porphyrin phos-
phorescence did not increase in these seeds consequently, 

there was no oxygen deficiency under the seed coat. The 
absence of porphyrin phosphorescence in seeds without 
radicle protrusion provides the mean to differentiate dead 
seeds from suffocated seeds having high level of porphyrin 
phosphorescence. 
 
Hypoxia and the primary imbibition injuries 
 
Table 2 shows the influence of imbibition conditions on 
frequencies of normal and abnormal seedlings and on 
frequency of non-germinated (suffocated and dead) pea 
seeds. When the seeds germinated at 18°C between two 
layers of filter paper without direct contact with water, 48% 
of seeds produced normal seedlings (Table 2). This per-
centage of germinated seeds corresponded to the number of 
air-dry seeds in fraction I, as follows from seed distribution 
by RTP (Fig. 2). The amount of dead seeds coincided with 
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the number of fraction III seeds. The total number of suf-
focated seeds and morphologically defective seedlings cor-
responded to the number of fraction II seeds. 

When pea seeds germinated at 18°C in Petri dishes with 
their lower side submerged in water by 1-2 mm, the number 
of normal and abnormal seedlings decreased (to 40 and 
15%, respectively) (Table 2). Based on the level of porphy-
rin phosphorescence we concluded that, among 45% of 
seeds showing no radicle protrusion, 27% of seeds died of 
suffocation and the remaining 18% were dead seeds. Clearly, 
in fraction I, not all the seeds produced normal seedlings 
under given germination conditions. Considering the in-
crease in the number of dead seeds, it is reasonable to as-
sume that the additional lethality of seeds were due to stress 
injury at the first stage of seed hydration. 

The imbibition injury of seeds can be diminished by 
several means, such as (a) germination at elevated tempera-
ture (26°C), (b) preexposure of seeds at 18°C and 100% RH 
for 2-3 days, or (c) the suppression of water uptake by 
submerging seeds in osmotic media (Powell and Matthews 
1978; Duke and Kakefuda 1981; Woodstock and Tao 1981; 
Vertucci 1989; Zeng et al. 1998). 

When pea seeds germinated at 26°C in Petri dishes with 
their lower side submerged in water by 1-2 mm or germi-
nated after preincubation at 18°C and 100% relative humi-
dity (RH), which elevates the seed moisture content to 25-
27%, the control germination percentage was restored. The 
number of dead seeds decreased reaching the level observed 
upon germination between two layers of filter paper (in the 
absence of immediate contact with water). Thus, seed ger-
mination under these conditions was beneficial, as it 
avoided the primary damage occurring upon the immediate 
contact of air-dry seed with bulk water. 

When pea seeds were allowed to imbibe in PEG-6000 
solution for 20 h, the rate of water uptake decreased nearly 
two-fold. Following this treatment, the percentage of dead 
seeds was as low as upon germination between two layers 
of filter paper. Moreover, the number of suffocated seeds 
and abnormal seedlings decreased in this case, whereas the 
number of normal seedlings increased. Hence, the retarded 
water uptake by seeds submerged into osmotic media not 
only eliminated the lethal injuries at the first stage of seed 
hydration, but also prevented the development of oxygen 
deficiency in fraction II seeds. As a result, some seeds from 
the fraction II produced normal seedlings, and the germina-
tion percentage of a seed lot increased. 
 
DNA replication 
 
It is known that the DNA reparation phase precedes the 
DNA replication (Osborn� 1983; Smith and Berjak 1995). 
Morphologically defective seedlings development is due to 
impairment of cell division related to DNA damage. The 

cell division in embryo axes of pea seeds commences few 
hours after the radicle protrusion. For this reason, DNA rep-
lication was examined at the stage of preparation of embryo 
axis cells for division. The vast majority of cell nuclei in 
air-dry seeds contain 2C DNA, because the cell cycles are 
arrested at G1 or G0 stage during seed maturation (Obrou-
cheva 1982; Bino et al. 1993; Redfearn et al. 1995; Gornik 
et al. 1997). In air-dry pea seeds of fractions I, II and III, 
approximately 90% of nuclei contain 2C DNA (Table 3). 
During seed imbibition, the 2C DNA content decreased, 
while the frequency of 4C DNA-containing nuclei increased. 
The dynamics of this process is evident from the changes in 
4C/2C ratio. 

There were no changes in DNA profile of fraction III 
dead seeds. The content of 2C DNA did not decrease, and 
DNA replication did not occur. The 4C/2C ratio increased in 
both fractions I and II during the first 48 h of imbibition. 
Moreover, this ratio rose faster in the fraction II seeds 
which exhibited higher rates of water uptake. 

However, after the radicle protrusion at 44-48 h of imbi-
bition, the 4C/2C ratio did not grow in fraction II seeds, 
whereas this ratio continued to increase in fraction I seeds. 
Without any doubt, the difference in 4C/2C ratio between 
the seed fractions I and II is confident (at this imbibition 
time). The retardation of DNA replication occurred just 
before or immediately after the radicle protrusion. This 
retardation is unlikely related to the onset of mitotic cycle, 
because no mitoses were observed at this stage in fraction II 
seeds; only cell elongation took place. The retardation of 
DNA replication might be caused by fermentation products 
arising in fraction II seeds under hypoxic conditions during 
the imbibition. However, the oxygen deficiency in pea 
seeds of fraction II arose after 12- to 20-h of imbibition and 
persisted until the radicle protrusion at 40-46 h of imbi-
bition. Nevertheless, the occurrence of DNA replication at 
this stage provides evidence that the arrest of DNA rep-
lication in fraction II seeds could not be caused by hypoxia. 
 
CONCLUSION 
 
The appearance during germination of morphologically 
abnormal seedlings is one of earliest signs of seed aging, 
which indicates the impairment of cell division in the meri-
stems of embryo axis (Isely 1957; Roberts 1972; Priestley 
1986; Vertucci 1989). Using the RTP method we showed 
that morphologically abnormal seedlings arise from a dis-
crete fraction of the air-dry seeds, termed fraction II (Vese-
lova et al. 1999). In order to clarify whether injuries im-
pairing cell division arise during seed storage or seed ger-
mination, we compared the imbibition and germination pat-
terns, as well as DNA replication between seeds of fractions 
I and II. 

The DNA replication during seed germination occurs 

Table 2 Effect of various imbibition conditions on the correlations (%) between normal and abnormal seedlings and seeds without emergence. 
Quality of seedlings and seeds 
without radicle emergence 

Imbibition between 
two layers of filter 
paper* at 18°C 

Imbibition in direct contact 
with water at 18°� and 26°� 

Preexposure of seeds at 18°C 
and 100% RH to increase 
moisture content to 25% 

Imbibition for 20 h in 
PEG solution at 18°C 

Normal seedlings 48 ± 4 40 ± 3 47 ± 4 47 ± 4 68 ± 5 
Abnormal seedlings 19 ± 4 15 ± 4 19 ± 4 20 ± 3 14 ± 4 
Suffocated seeds 25 ± 4 27 ± 5 25 ± 4 24 ± 4 10 ± 4 
Dead seeds 8 ± 3 18 ± 3 9 ± 3 9 ± 3 8 ± 2 

Notes: A seed lot with a 48% germination percentage was used. (*) Imbibition in the absence of direct contact with bulk water. In all other treatments, seeds were allowed to 
imbibe for 20 h in Petri dishes prior to their transfer to filter paper rolls for germination. 
 

Table 3 DNA content (% of total DNA) and 4C/2C ratio in cell nuclei from imbibing pea seed belonging to three fractioms. 
Fraction I Fraction II Fraction III Imbibition time, h 

2C 4C 4C/2C 2C 4C 4C/2C 2C 4C 4C/2C 
0 88.0 12.0 0.14 88.0 12.0 0.14 91 9.0 0.1 
6 84.7 15.3 0.18 82.6 17.4 0.21 90 9.0 0.1 

24 75.4 23.6 0.30 71.4 28.8 0.40 90 10.0 0.11 
48 56.4 39.5 0.70 54.0 46.0 0.85 90 10.0 0.11 
72 30.7 63.0 2.02 53.5 46.5 0.87 89 11.0 0.12 
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after repair process of the defects accumulated during sto-
rage of dry seeds (Osborne 1983). The DNA replication in 
fraction II seeds started synchronously to that in fraction I 
seeds. This indicates that air-dry seeds of fraction II did not 
contain unrepaired DNA lesions which might account for 
morphological defects in seedlings. 

It is known that almost all seeds (especially large seeds 
of legumes) experience oxygen deficiency during germina-
tion under flooding (James 1953; Duke and Kakefuda 1981; 
Visser et al. 2003; Vartapetian 2005; Sachs and Vartapetian 
2007; Vartapetian et al. 2008; Magneschi and Perata 2009). 
Our measurements of endogenous porphyrin phosphores-
cence in intact pea and soybean seeds revealed that some 
seeds experience oxygen deficiency even in the absence of 
direct contact with bulk water. Moreover, the hypoxia deve-
lopment occurred most frequently in the fraction II seeds 
(Veselova et al. 1988, 2003). 

A new non-invasive method allowed us to assess hypo-
xia extent by testing the level of porphyrin phosphorescence. 
We found that the increase in porphyrin phosphorescence 
above 100 aU, reflecting the drop in oxygen concentration 
in pea embryo to 6-8 �M (Fig. 4), was a clear indication 
that the seeds suffered from hypoxic stress. These seeds 
suffocated during the imbibition, did not show radicle pro-
trusion, and perished on the 5th to 6th days of imbibition. 

At milder hypoxia level (porphyrin phosphorescence 
<80-100 aU), the embryo radicle was able to protrude 
through the seed coat, but related seedlings exhibited varios 
morphological defects. 

In spite of hypoxia development in fraction II seeds 
with porphyrin phosphorescence level of 20-80 aU, DNA 
replication was shown to occur normally. Hence, hypoxia 
could not be responsible for DNA replication injury. The 
DNA replication in fraction II seeds ceased after the radicle 
protrusion, when the oxygen availability for embryo was 
restored. 

The number of dead seeds and seeds without radicle 
protrusion was found to increase during stress imposed by 
either the primary contact of air-dry seeds to water or by 
severe hypoxia. Therefore, we propose that the post-hypo-
xic oxidative stress in pea seeds of fraction II was the only 
cause for DNA post-germinative cell division impairment in 
embryo axes, resulting in the appearance of morphologic-
ally abnormal seedlings. 
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