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Abstract

Bean seeds (Phaseolus vulgaris L. cv. Tendergreen) were imbibed in water to examine the effects
of hypoxia during imbibition and subsequent germination. Hypoxic conditions occurred when
seeds were imbibed in water for 24 h or longer and resulted in severe reduction of hypocotyl
elongation and stem growth during subsequent germination under non-limiting oxygen condi-
tions. Under continued hypoxic conditions, bean seeds failed to germinate, however, this was re-
versed in the presence of hydrogen peroxide (20 mM) in the medium. Furthermore, imbibition of
seeds in the presence of hydrogen peroxide overcame the adverse hypoxic effects on hypocotyl
elongation and stem growth. Exogenous hydrogen peroxide increased the dissolved oxygen levels
in the germinating medium, and catalase and transition metal ions such as Fe?*, Cu?* and Mn?
helped to facilitate the production of oxygen from hydrogen peroxide. In these catalysts, catalase
played a major role in the decomposition of hydrogen peroxide as demonstrated by the use of a
catalase inhibitor, 3-amino-1, 2, 4-triazole, which reversed the positive effects produced by hy-
drogen peroxide on germination of seeds under hypoxic conditions. The results show that imbibi-
tion is sensitive to oxygen deficits which affect subsequent hypocotyl growth and seedling per-
formance. The adverse effects of hypoxia on germination of bean seeds can be overcome by ex-
ogenous hydrogen peroxide.
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1. Introduction

Hypoxia in water-logged soils caused by transient flooding is a common occurrence for most crop plants and
can adversely affect their establishment, growth and productivity. In addition, oxygen deficiency can readily
occur in heavy, compacted or poorly drained soils on a regular basis, affecting various plant functions [1] [2].
Adverse effects of hypoxia and possible mechanisms to overcome them have long been studied in seedlings and
mature plants [1] [3] [4]. The primary consequence of oxygen deficiency in the roots is the anaerobic metabol-
ism resulting in decreased energy status and accumulation of ethanol and other toxic metabolites, which can lead
to injury and eventual death of plants [1] [5]. The seed germination is particularly sensitive to oxygen deficiency.
The period of natural hypoxic conditions for seed germination can last from a few hours to several days in
poorly drained soils. The oxygen requirement for seeds typically varies depending on the species and their dor-
mancy status. Although many aquatic plants germinate well under reduced oxygen concentrations, seeds of most
species either fail to germinate or at least, show severely restricted seedling growth when deprived of oxygen [6].
Even if germination were to occur under hypoxic conditions, seedlings do not establish well, resulting in poor
growth and development. Green beans (Phaseolus vulgaris L.), also known as common beans, snap beans or
string beans are a warm season vegetable crop which does well in well-drained, aerated soils as it is sensitive to
oxygen deficits. It is grown for both fresh market use and for processing in most crop growing regions of the
world with the U.S. being the largest commercial producer [7].

The role of oxygen during germination is rather complex. In addition to being an essential factor in meeting
the demands of increasing respiration rates during germination process, oxygen may act as an oxidizing agent to
help break seed dormancy [8]. As early as 1926, Morinaga [9] examined seed germination of humerous species
and found that a great majority of seeds either completely failed to germinate under water or showed poor ger-
mination. Bean seeds (Phaseolus sp.) typically do not germinate under water and their germination is sensitive
to low oxygen levels which may affect the respiratory process, rather than the water uptake by seeds during im-
bibition [6]. Although the effects of hypoxia in plants have been investigated by a number of studies [1] [2], they
are not clearly understood particularly during seed imbibition, germination, and subsequent seedling growth. It
is not clear if transient hypoxia during seed imbibition will have an impact on subsequent germination and
seedling growth.

In this study we examine exogenous hydrogen peroxide as a source of oxygen during germination of bean
seeds under hypoxia. Hydrogen peroxide is a natural substance produced by most plant tissues and particularly,
at elevated levels, in response to a host of biotic and abiotic stresses [10] [11]. Furthermore, oxygen deprivation,
like other abiotic stresses, is known to induce hydrogen peroxide and other reactive oxygen species in both hy-
poxia-tolerant and hypoxia-sensitive species [12]-[14]. The induced hydrogen peroxide is known to be involved
in signaling plants’ responses to various stresses which are considered to be part of their defense mechanism and
may play an important role in plant adaptation [10] [11] [13] [15]. In addition, hydrogen peroxide is readily de-
composed to free oxygen and water by catalase (CAT) and many transition metals such as copper and manga-
nese and their compounds [14] [15]. Although plants produce CAT during normal metabolic processes, they
tend to accumulate at much higher levels under stressful conditions [11] [16]. In this study, we characterize the
effects of hypoxia during imbibition of seeds on subsequent germination and seedling growth and examine the
possible use of exogenous hydrogen peroxide and the role of catalase and transition metal ions in alleviating
hypoxia in germinating bean seeds.

2. Materials and Methods
2.1. Hypoxia during Imbibition and Germination

The main objective of this study was to examine if hypoxia during imbibition has any effects on subsequent
germination and seedling growth. Thus, the effects of hypoxic conditions were tested during two stages of ger-
mination, first, by imposing hypoxia only during seed imbibition and monitoring subsequent germination and
seedling growth under normal aerated conditions (normoxia) and second, by imposing hypoxia during the whole
process of germination in beans. Bean seeds (Phaseolus vulgaris L. cv. Tendergreen) were purchased from
Chesmore seed company (St. Joseph, MQ). Batches of seeds each containing 30 seeds of uniform size were
submersed in one liter of distilled water to induce hypoxia, or 20 mM of hydrogen peroxide solution contained
in 1.5 L beaker in the dark at 25°C in a growth chamber for 0 h, 6 h or 24 h of imbibition. After the imbibition
treatment, seeds were placed on a 0.8% agar medium contained in a covered Petri dish for germination (under
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normoxia). Control (i.e., 0 h) consisted of seeds directly placed on the agar medium for germination. The hypo-
cotyls elongation was measured up to 96 h of planting. To test the effect of hypoxia during imbibition on the
subsequent seedling growth, 20 mM of hydrogen peroxide was used as the germination results were the best at
this concentration of hydrogen peroxide. To impose hypoxic conditions, bean seeds were submersed in distilled
water or 20 mM of hydrogen peroxide solution for 24 h for imbibition and were subsequently planted in pots (60
x 60 mm) containing soil (Metromix-360, The Scotts Co, Marysville, OH) at 3 cm depth. Stem elongation in
seedlings was measured after 4 and 5 days of planting. The experiment was conducted on a completely rando-
mized design with 10 replications.

To test how seeds germinate and grow under hypoxic conditions, bean seeds of uniform size were placed in
20 ml of distilled water, 5 mM or 20 mM of hydrogen peroxide solutions contained in unsealed test tubes [23
mm (L) x 14 mm (W)] for germination. Each tube contained one seed and each treatment had 6 replications. The
test tubes were placed in a growth chamber at 25°C in the dark to observe for hypocotyl growth. Control con-
sisted of 35 seeds, placed in aerated water in a one-liter beaker at 25°C and constant aeration was provided by
circulating the tap water at a flow rate of 15 mL/sec. Hypocotyl growth of beans in the hydrogen peroxide solu-
tions or water was measured periodically until 72 h. Oxygen and hydrogen peroxide concentrations in the me-
dium were monitored during imbibition and germination.

2.2. Hydrogen Peroxide and Oxygen Concentrations in Solutions

Oxygen concentrations in solutions were determined polarographically using YSI-oxygen electrode (YSI, Yel-
low Springs, OH). A 3 mL aliquot from the each solution was sampled every 12 or 24 h to quantify the dis-
solved oxygen.

Hydrogen peroxide concentration in the incubation solutions was determined spectrophotometrically [17]. An
aliquot of 0.1 ml of the incubation solution was collected and diluted 20 times. The diluted solution was mixed
with 0.1 ml phenol red (0.28 mM) and 0.8 ml potassium phosphate-sodium phosphate buffer (12.5 mM, pH 7.0)
containing type Il horseradish peroxidase (62.5 g/ml). The reaction mixture was incubated at 25°C for 30 mi-
nutes with mild shaking. The reaction was stopped by centrifugation at 8000 g and by raising the pH of the reac-
tion mixture with 3 M NaOH. Hydrogen peroxide was quantified by the measuring absorbance at 610 nm using
a spectrophotometer (Gilford Systems, Oberlin, OH).

2.3. CAT Activity

CAT activity was determined in bean seeds submersed in water, 5 mM of hydrogen peroxide or 20 mM of hy-
drogen peroxide. Control consisted of bean seeds in aerated water and aeration was provided by circulation of
fresh tap water at a flow rate of 15 mL/s. Incubated bean seeds were homogenized with a mortar and pestle in 10
ml of sodium phosphate buffer (pH 7.0) containing 0.2 mM EDTA and 1% (w/v) polyvinylpyrrolidone in an ice
bath. The homogenate was filtered through four layers of cheesecloth and centrifuged at 4°C for 10 minutes at
15,000 g. The supernatant was used to determine the enzyme activities. Total proteins from the enzyme extract
were quantified using Bradford method [17]. Bradford reagent was made by 0.01% (w/v) Coomassie Brilliant
Blue G-250, 4.7% (w/v) ethanol, and 8.5% (w/v) phosphoric acid. The extract (0.1 ml) was added to 5 ml Brad-
ford reagent and incubated for 15 min. The absorbance was measured at 595 nm against a reagent blank. The
total protein in the extract was derived from a standard curve obtained with bovine serum albumin (Sigma
Chemical Co., St. Louis, MO).

The reaction mixture (3 ml) for CAT assay consisted of 50 mM of phosphate buffer (pH 7.0), 15 mM of hy-
drogen peroxide, and 0.1 ml of enzyme extract. The enzyme activity was assayed in triplicate samples. The re-
duction of hydrogen peroxide was monitored by the decline in absorbance at 240 nm for | min [19] [20]. One
unit of enzyme corresponded to a decrease of 0.01 absorbance/min caused by the enzyme aliquot [19].

2.4. Aminotriazole (3-AT) Treatment

To determine if seed catalase activity has any role in reducing the adverse hypoxic effects on germination in
presence of hydrogen peroxide, bean seeds were incubated in 20 mM of hydrogen peroxide with 3-AT (Sigma
Chemical Co., St. Louis, MO), a specific inhibitor of CAT activity. Aminotriazole solutions at 0.1, 1, 10, and
100 mM were prepared in 20 mM hydrogen peroxide. For imbibition, bean seeds of uniform size were sub-
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mersed in 20 ml of solution containing 20 mM hydrogen peroxide and various concentrations of 3-AT in test
tubes [23 mm (L) x 14 mm (W)]. Each test tube contained one seed and each treatment was replicated 6 times.
After 48 h incubation, the length of hypocotyls was measured.

2.5. Oxygen Evolution from Hydrogen Peroxide by Catalysts

The efficiency of various transition metal catalysts (Fe?*, Cu®*, Mn*") and CAT in breaking down hydrogen pe-
roxide to generate oxygen was tested. Various concentrations of catalysts were prepared using FeSQ,4-7H,0,,
CuS0,-5H,0 and MnS0O,4-H,0, and CAT (Sigma Chem. Co., St. Louis, MO). A 1.5 ml of the aliquot of these
solutions was mixed with 1.5 ml of 40 mM of hydrogen peroxide in the cuvette of YSI-oxygen polarograph.
Oxygen evolution was measured for 15 min as the reaction mixture was constantly stirred. The mean rate of
oxygen evolution was computed over the first 10 min of the reaction.

The seed content of these transition metals was also determined by digesting 0.25 g of ground seed (0.5 mm)
with nitric acid and perchloric acid [21]. The concentrations of metal catalysts in the digest were determined us-
ing the atomic absorption spectrophotometry (Perkin Elmer 3110, Norwich, CT) and were expressed as ppm
based on dry weight of seeds. Each treatment consisted of 3 replications.

2.6. Data Analyses

The experiments were conducted on a completely randomized design with variable replications as indicated
above for each study, and the data were analyzed to compare treatment means with the control, and the means
were separated for significance at 99% confidence level (a = 0.01) using t-statistics.

3. Results
3.1. Hypoxia during Imbibition

Bean seeds subjected to hypoxic conditions during imbibition had significant effect on their subsequent germi-
nation under normoxia. Bean seeds exposed to hypoxic conditions only during imbibition up to 24 h were
planted on 0.8% agar for germination under normoxia. All seeds treated with hypoxia during imbibition showed
germination under normoxia, meaning that they were capable of producing radicle growth. When bean seeds
were imbibed under water for 6 h and then allowed to germinate on agar, there was no significant difference in
germination or hypocotyl elongation compared to seeds that were directly seeded on agar without the imbibition
treatment or those imbibed either in hydrogen peroxide or in water with aeration (Figure 1). Nonetheless, di-
rect-seeded seedlings produced more root mass and secondary roots and root hairs than the ones treated with
hypoxia for 6 h during imbibition (data not shown).

Seeds were also subjected to hypoxia during imbibition for 24 h and then planted on agar for seedling growth
under normoxia. The hypocotyl elongation after 96 h was characteristically slow and was only about 30% of that
in the direct-seeded plants. The germinating seeds showed poor radicle growth with restricted elongation and
with little or no secondary roots after 96 h of germination, suggesting that longer hypoxic conditions during im-
bibition can have an adverse effect on the subsequent growth of germinating bean seeds. The reduction in hy-
pocotyl elongation in seeds submersed in water is the result of decreasing oxygen content in the water during
seed imbibition and more than 25% of dissolved oxygen was depleted by germinating seeds within 24 h (see
Figure 4). However, imbibition of seeds with 20 mM hydrogen peroxide overcame the reduction of hypocotyl
elongation caused by hypoxia during imbibition. Seeds imbibed for 24 in hydrogen peroxide solution increased
hypocotyl length to roughly 3 times of that observed in seeds imbibed in water under hypoxic conditions, a re-
sponse similar to that observed in the direct-seeded plants. However, the hydrogen peroxide-treated seeds pro-
duced more secondary roots than did the direct-seeded plants. To determine the long term effects of transient
hypoxia imposed during seed imbibition on the seedling growth, treated seeds were also planted in a soil me-
dium (Figure 2). Consistent with above observations, plants from seeds that were submersed in water were se-
verely stunted and showed very little stem growth compared to the direct-seeded control plants or plants from
seeds imbibed in hydrogen peroxide solution (20 mM). After 5 days of planting, stem elongation in seeds treated
with hydrogen peroxide was 5 times as large as that from seeds submersed in water. These results clearly sug-
gest that bean seeds are sensitive to hypoxia during imbibition and the resulting poor hypocotyl elongation and
seedling growth can be overcome by treating seeds with hydrogen peroxide during imbibition.
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Figure 1. Hypocotyl elongation in beans following imbibition under hypoxia
(2). Bean seeds were imbibed in water or in solution containing 20 mM of hy-
drogen peroxide for 6 h and 24 h. The imbibed seeds were placed on agar me-
dium and allowed to germinate for up to 96 h. Control seeds were direct-
seeded on agar without imbibition. Values represent means (n = 10) with S.D.
Hypocotyl elongation for all the treatments including control was significantly
different (t-test, « = 0.01) from that with seeds submersed in water for 24 h.
The photograph shows the hypocotyl elongation of germinating seeds on agar
after 96 h of seeding (b). The seeds were pretreated by submersing them in ei-
ther water or 20 mM hydrogen peroxide (HP) solution.

3.2. Hypoxia during Germination

To determine the effects of hypoxia on the germination process (including imbibition and hypocotyl elongation),
bean seeds were allowed to germinate submersed in water, 5 mM or 20 mM of hydrogen peroxide for up to 72
hours (Figure 3). There was no germination of seeds submersed under water. On the other hand, 12 h of incuba-
tion in 20 mM hydrogen peroxide produced hypocotyl growth, yielding nearly a linear hypocotyl elongation up
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Figure 2. Plant heights of seedlings following imbibition under hypoxia. Bean
seeds were imbibed in water or solution containing 20 mM hydrogen peroxide
for 24 h and planted in soil-mix. Control consisted of seeds directly planted in
soil-mix. Plant height was measured after 4 and 5 days. Values represent means
(n = 10) with S.D. Stem growth for seedlings from seeds imbibed in aerated
water or 20 mM hydrogen peroxide was significantly higher than seeds sub-
mersed in water without aeration (o = 0.01).

to 48 h. Seeds imbibed under water with aeration also showed a similar response. With aeration, the hypocotyl
growth was more or less linear up to 72 h of incubation, whereas in 20 mM hydrogen peroxide the hypocotyl
elongation was similar to aerated seeds but leveled off after 48 h of incubation indicating perhaps the decreasing
availability of oxygen in the medium with time. In addition, the seeds in 20 mM hydrogen peroxide solution ap-
peared to imbibe water (and hydrogen peroxide) more readily than those in water as evidenced by their rapid
swelling (Figure 3). This suggests that even imbibition of water in bean seeds is dependent on oxygen levels in
the medium. Hydrogen peroxide at 5 mM showed slow germination and little hypocotyl elongation and was not
much better than the seeds submersed in water.

3.3. Hydrogen Peroxide and Dissolved Oxygen

Dissolved oxygen levels in water and 5 mM and 20 mM hydrogen peroxide solutions containing bean seeds
were monitored during imbibition and germination (Figure 4). When seeds were submersed in water (hypoxic
condition), there was rapid decline in oxygen levels, more than 50% of dissolved oxygen in water was depleted
within 48 h while in aerated water, dissolved oxygen level remained constant at 250 pM. Also, the dissolved
oxygen levels in water or hydrogen peroxide solution without seeds remained constant (data not shown). Signif-
icant oxygen consumption typically occurred only after 12 hours of imbibition and appeared to level off after 48
h. Oxygen consumption by germinating bean seeds was the greatest during the initial 48 h with a marked decline
following this period. Addition of hydrogen peroxide increased the dissolved oxygen levels in the solution.
Consistently, higher dissolved oxygen levels were observed with 20 mM hydrogen peroxide throughout the ex-
perimental period up to 72 h than with 5 mM hydrogen peroxide. After incubating seeds for 72 h, the medium
with 20 mM hydrogen peroxide had nearly twice as much dissolved oxygen remaining as did the water. In addi-
tion with 20 mM hydrogen peroxide solution, there was sharp increase in dissolved oxygen immediately after
incubating the seeds, approximately a 40% increase over a 12 h period.

The depletion of hydrogen peroxide from the medium depended on its concentration; higher the concentration,
greater was its rate of breakdown, as indicated by oxygen levels in this medium. During the initial 36 h of ger-
mination, the average rate of hydrogen peroxide breakdown in 20 mM hydrogen peroxide was approximately 4

times of that in 5 mM hydrogen peroxide.
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Figure 3. Hypocotyl elongation in beans germinated under hypoxia (b). Bean
seeds were germinated in water, 5 mM hydrogen peroxide and 20 mM hydro-
gen peroxide for up to 72 h. Seeds were also germinated in water with aeration,
provided by a constant circulation of tap water at a flow rate of 15 ml/sec.
Values are means (n = 6) with S.D. Hypocotyl elongation for seeds in 20 mM
hydrogen peroxide or in water with aeration was significantly higher (t-test, o
= 0.01) than that seeds submersed either in water or 5 mM hydrogen peroxide.
The photograph shows seed swelling and hypocotyl growth in seeds in water
and 20 mM hydrogen peroxide (HP) solution after 48 h (a).

3.4. Catalase Activity and Transition Metal Catalysts

CAT activity in germinating seeds was investigated as it is one of the catalysts involved in producing oxygen
from hydrogen peroxide. CAT activity was higher in seeds incubated in water after 12 h compared to those in
hydrogen peroxide or aerated water (Figure 5). However, after 24 h of incubation, no difference in CAT activity
in seeds was observed among the treatments. When a CAT inhibitor, 3-AT at 0.1 mM was added to the incubat-
ing solutions containing 20 mM hydrogen peroxide, a sharp reduction in hypocotyl elongation was observed,
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Figure 4. Dissolved oxygen and hydrogen peroxide levels in the germinating
media. Dissolved oxygen levels in water, 5 mM hydrogen peroxide and 20
mM hydrogen peroxide containing seeds were measured polarographically
over a 72 h period (a). Oxygen levels were also monitored in water containing
seeds which was aerated with a constant circulation of tap water at a flow rate
of 15 ml/sec. Changes in hydrogen peroxide levels were also monitored in the
above media (b). Values represent means (n = 4) with S.D.

which was less than 20% of that observed in the medium without 3-AT. In addition, higher concentrations of
3-AT appear to be toxic as they produced deformed hypocotyls, resulting in eventual seedling death. It is im-
portant to note that hypocotyl elongation in 20 mM hydrogen peroxide in the presence of 3-AT (0.1 M) was
similar to that observed in seeds imbibed under hypoxic conditions (Figure 6). Thus, these results show that
CAT plays an important role in breakdown of hydrogen peroxide more than the metal catalysts.

We also examined the catalytic role of transition metal catalysts such as Cu?*, Fe*" and Mn®* in producing
oxygen from hydrogen peroxide during germination of bean seeds. The catalytic activities of these ions at vari-
ous concentrations are shown in Table 1. While all these cations have high catalytic activity, Fe** (0.001 M)
appeared to be as effective as CAT at 10.5 units/mL in generating oxygen from 20 mM hydrogen peroxide solu-
tion. In addition, the transition metal contents of bean seeds were analyzed to determine if they played a role in
the disproportionation of hydrogen peroxide (Figure 7). Iron content was by far the highest in bean seeds and its
levels were about five-fold greater than those of either copper or manganese suggesting that these ions in addi-
tion CAT can actively decompose hydrogen peroxide in the medium containing the germinating seeds to over-

come hypoxia.
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Figure 5. Changes in CAT activity in germinating bean seeds. Bean seeds were incubated in water, 5 mM hydrogen
peroxide, 20 mM hydrogen peroxide and water with aeration for up to 72 h. Aeration was provided by a constant cir-
culation of tap water at a flow rate of 15 ml/sec. VValues represent means (n = 3) with S.D.
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Figure 6. Hypocotyl elongation in bean seed in hydrogen peroxide with aminotriazole. Bean seeds were incubated in
hydrogen peroxide solution containing either 0 or 0.1 mM aminotriazole for 48 h. Values represent means (n = 3)
with S.D.

4. Discussion

The study focuses on hypoxia in seeds during imbibition and germination of bean seeds. When seeds were im-
bibed by submersing in water, oxygen limitation is likely to occur after 24 h. Thus, seed imbibition through
submersion in water for 6 hours did not significantly affect the germination and subsequent seedling growth in
beans. However, it appears to adversely affect the radical growth and reduce the formation of secondary roots
even after these germinating seeds were transferred to normal aerated conditions. On the other hand, when seeds
were imbibed for 24 h through submersion in water, hypoxic conditions occur as the dissolved oxygen level in
water dropped below 75% of its original level. It led to a drastic reduction in hypocotyl elongation and subsequent
poor seedling growth when plants were grown on agar or in soil under normoxia. It should be noted that seeds
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Table 1. Dissolved oxygen was measured polarographically in 20 mM hydrogen peroxide
produced by catalysts. Metal catalysts, Cu?*, Fe?* and Mn?", and catalase were added to the
hydrogen peroxide solution and dissolved oxygen levels were averaged over the initial 10 min.

Catalyst Concentration Oxygen nM/min
0.0001 M 573.8
Cu2+
0.001 828.8
0.0001 M 637.5
Fe?" 0.0001 31875
0.001 >1250 x 10°
0.00001 M 446.3
Mn2+
0.0001 653.4
CAT 10.5 unit/mL >1250 x 10°
80
g
a)
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Figure 7. Seed composition of catalytic metals, copper, iron and manganese in beans.
Amount of catalytic metals in bean seeds was determined. Values represent means (n = 3)
with S. D.

consume oxygen at slower rates during early imbibition but at a much higher rate during radicle and hypocotyl
growth. Thus, oxygen limitation during imbibition can produce adverse effects which may last during early
seedling growth and development under normoxia. Typically, root growth during germination appears to be
more sensitive to limiting oxygen conditions which can result in poor germination and subsequent seedling
growth [22] [23]. Even roots of mature plants are sensitive to hypoxia and the transient exposure of plants to
hypoxia is known to have a long lasting effect on plant growth [3]. Our results show that oxygen limitations can
occur when seeds are submerged in water for a relatively short period of time (24 h). Lehle et al. [24] found that
even a brief period of hypoxia (for 2 hours) in cotton seeds could drastically reduce the radicle growth. They
found that cotton seeds to be sensitive to hypoxia during germination and could readily accumulate ethanol and
acetaldehyde in response to hypoxia during not only germination but also imbibition. Similar results were noted
in maize by Cobb et al. [25].

When hypoxic conditions were extended to cover the whole germination process, bean seeds failed to germi-
nate, indicating that adequate oxygen is essential during imbibition, germination and seedling growth. These
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findings are consistent with those of Morinaga [8] who showed that bean seeds failed to germinate in water. Our
results show that bean seeds germinated when brief hypoxic conditions were imposed during imbibition, pro-
vided that they were subsequently allowed to germinate under aerated conditions. On the other hand, extended
hypoxic conditions during imbibition in bean seeds resulted in poor growth of hypocotyl and a failure to germi-
nate.

We used exogenous hydrogen peroxide to mitigate the adverse effects of hypoxia both during imbibition and
germination as it can generate free oxygen and water by CAT and other catalysts including many transition met-
al ions present in the seeds [16]. In the presence of germinating seeds, 20 mM hydrogen peroxide produced
oxygen rapidly to maintain higher oxygen levels in the medium. The oxygen levels in the medium containing
hydrogen peroxide remained higher than those in well-aerated water during the initial 30 h of seed imbibition
and germination. Thus, the adverse effects of hypoxia during imbibition on subsequent hypocotyl elongation and
seedling growth were overcome by including 20 mM of hydrogen peroxide in the water. In fact, the seeds which
were imbibed in 20 mM hydrogen peroxide produced rapid hypocotyl growth and more secondary roots as the
radicle developed than those grown under non-hypoxic conditions on agar or soil.

When seeds were submersed in water, they failed to germinate. However in well-aerated water, bean seeds
germinated and their hypocotyl elongation was roughly linear with time as was in water containing hydrogen
peroxide, although the hypocotyls elongation in hydrogen peroxide solution (20 mM) appeared to level off after
48 h perhaps due to rapid depletion of hydrogen peroxide. Hydrogen peroxide was rapidly degraded in the pres-
ence of seeds, more than 60% was broken down within 48 h. This was also reflected in the elevated dissolved
oxygen levels in the medium containing hydrogen peroxide. Thus, these results suggest that hydrogen peroxide
can provide oxygen under hypoxic conditions for bean seeds during imbibition and germination and can thus
overcome adverse effects of hypoxia. Previous studies have shown that hydrogen peroxide can improve germi-
nation of aged seeds [26]. Similarly, hydrogen peroxide was shown to improve the germination in rice, but its
role was primarily thought to be in breaking seed dormancy [9].

Oxygen is produced from decomposition of hydrogen peroxide only in the presence of seeds, which suggests
that source of catalysts for the breakdown of hydrogen peroxide comes from the seeds. Some primary catalytic
agents that can breakdown hydrogen peroxide are CAT and many metal cations such as Fe?*, Cu** and Mn®*
found in seeds. Many transition metals and their oxides including iron, copper, manganese and nickel have long
been known to act as catalysts in decomposition of hydrogen peroxide [27]. We found that both CAT and metal
ions were found to be very efficient in degrading hydrogen peroxide. However, use of CAT inhibitor, 3-AT,
suggests that CAT plays a key role in the breakdown of hydrogen peroxide. CAT inhibitor at 0.1 mM was effec-
tive in retarding the hypocotyls elongation, due to its ability to block CAT activity which produces free oxygen
from hydrogen peroxide and thus, overcomes hypoxia. It is important to note that inhibition of CAT activity by
3-AT completely reversed the hypocotyl elongation produced by hydrogen peroxide, suggesting that CAT plays
an important role in the breakdown of hydrogen peroxide, more than the metal catalysts, in bean seeds. However,
higher concentrations of 3-AT did not further restrict the hypocotyl elongation, but rather caused injury to the
seedlings. CAT activity in the seeds during imbibition and germination remained more or less constant and the
treatment with hydrogen peroxide did not affect the CAT activity. In contrast in maize seedlings, Prasad et al.
[11] found that hydrogen peroxide can activate CAT (CAT3) gene and was associated with their chilling toler-
ance. CAT and other antioxidants levels appear to increase following hypoxia in a number of species and fur-
thermore, elevated superoxide dismutase activity may even play a role in inducing tolerance to hypoxia [28]-
[30].

In addition to CAT, other catalysts namely, transition metals also play an important role in decomposition of
hydrogen peroxide. Bean seeds contained abundant amount of iron, about 5-fold higher than either copper or
manganese, all of which could facilitate the production of oxygen in the seeds. But their role in producing free
oxygen in bean seeds appears to be limited.

It is interesting to note that high levels of oxygen were detected in the medium while hydrogen peroxide is
absorbed by the seeds where primarily CAT can facilitate its degradation to release oxygen [31]. Similarly,
oxygen from the root tissues can diffuse from plant tissues into the medium, which has been shown to play a key
role in oxidizing the reduced Fe®* to detoxify the rhizosphere in flooded soils [1]. This suggests that the oxygen
levels in the seeds and tissues are likely to be higher than those determined in the medium containing hydrogen
peroxide. The results also show that CAT more than the metal catalysts in the seeds plays an important role in
providing oxygen to germinating seeds under hypoxia in the presence of hydrogen peroxide. However, one
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would expect that in soils typically containing many of these transition metal catalysts at much higher concen-
trations, decomposition of hydrogen peroxide will be more rapid, thus, resulting in greater a release of oxygen
into soil water. It is likely that the transition metal catalysts could play a more significant role in the breakdown
of hydrogen peroxide in soils, but their role in yet to be determined.

5. Conclusion

Keeping bean seed submersed in water for 24 h during imbibition can cause hypoxia resulting in subsequent
adverse effect on hypocotyl elongation and seedling growth. However, hypoxia for longer periods during imbi-
bition can prevent germination. Hydrogen peroxide (20 mM) can overcome hypoxia during imbibition and ger-
mination of bean seeds as it provides oxygen during germination process. While catalase plays a major role oth-
er catalytic agents including transition metal ions like Fe?*, Cu** and Mn?* are also effective in breaking down
hydrogen peroxide to release oxygen.

References

[1] Drew, M.C. (1997) Oxygen Deficiency and Root Metabolism: Injury and Acclimation under Hypoxia and Anoxia.
Annual Review of Plant Physiology and Plant Molecular Biology, 48, 223-250.
http://dx.doi.org/10.1146/annurev.arplant.48.1.223

[2] Geigenberger, P. (2003) Response of Plant Metabolism to Too Little Oxygen. Current Opinion in Plant Biology, 6,
247-256. http://dx.doi.org/10.1016/S1369-5266(03)00038-4

[3] Araki, H., Hossain, M.A. and Takahashi T. (2012) Waterlogging and Hypoxia Have Permanent Effects on Wheat
Growth and Respiration. Journal of Agronomy and Crop Science, 198, 264-275.
http://dx.doi.org/10.1111/j.1439-037X.2012.00510.x

[4] Gardiner, E.S. and Hodges, J.D. (1996) Physiological, Morphological and Growth Responses to Rhizosphere Hypoxia
by Seedling of North American Bottomland Oaks. Annals Forest Science, 53, 303-316.

[5] Corbineau, F. and Come, D. (1995) Control of Seed Germination and Dormancy by the Gaseous Environment, In:
Kiegel, J. and Galili, G. Eds., Seed Development and Germination, Marcel Dekker, Inc., New York, 397-424.

[6] Cardwell, V.B. (1984) Seed Germination and crop Production. In: Tesar, M.B. Ed., Physiological Basis of Crop
Growth and Development, American Society of Agronomy and the Crop Science Society of America, 53-92.

[7] Abate, G. (2006) The Market for Fresh Snap Beans. The Strategic Marketing Institute, Product Center, Michigan State
University, 1-7.

[8] Roberts, E.H. (1964) The Distribution of Oxidation-Reduction Enzymes and the Effects of Respiratory Inhibitors and
Oxidizing Agents on Dormancy in Rice Seed. Physiologia Plantarum, 17, 14-29.
http://dx.doi.org/10.1111/j.1399-3054.1964.th09013.x

[91 Morinaga, T. (1926) Germination of Seeds under Water. American Journal of Botany, 13, 126-140.
http://dx.doi.org/10.2307/2435353

[10] Levine, A., Tenhaken, R., Dixon, R. and Lamb, C. (1994) Hydrogen Peroxide from the Oxidative Burst Orchestrates
the Plant Hypersensitive Disease Resistance Response. Cell, 79, 583-593.
http://dx.doi.org/10.1016/0092-8674(94)90544-4

[11] Prasad, T.K., Anderson, M.D., Martin, B.A. and Stewart, C.R. (1994) Evidence of Chilling Induced Oxidative Stress in
Maize Seedlings and a Regulatory Role for Hydrogen Peroxide. Plant Cell, 6, 65-74.
http://dx.doi.org/10.1105/tpc.6.1.65

[12] Blokhina, O.B., Chirkova, T.V. and Fagerstedt, K.V. (2001) Anoxic Stress Leads to Hydrogen Peroxide Formation in
Plant Cells. Journal of Experimental Botany, 52, 1179-1190. http://dx.doi.org/10.1093/jexbot/52.359.1179

[13] Licausi, F. (2013) Molecular Elements of Low-Oxygen Signaling in Plants. Physiologia Plantarum, 148, 1-8.

[14] Vergara, R., Parada, F., Rubio, S. and Perez, F.J. (2012) Hypoxia Induces H,O, Production and Activates Antioxidant
Defence System in Grapevine Buds through Mediation of H,O, and Ethylene. Journal of Experimental Botany, 63,
4123-4131. http://dx.doi.org/10.1093/jxb/ers094

[15] Steffens, B., Steffens-Heins, A. and Sauter, M. (2013) Reactive Oxygen Species Mediate Growth and Death in Sub-
merged Plants. Frontiers in Plant Science, 4, 1-7. http://dx.doi.org/10.3389/fpls.2013.00179

[16] Halliwell, B. and Gutteridge, J.M. (1999) Free Radicals in Biology and Medicine. Oxford University Press, New York.

[17] Pick, E. and Keisari, Y. (1980) A Simple Colorimetric Method for the Measurement of Hydrogen Peroxide Produced
by Cells in Culture. Journal of Imnmunological Methods, 38, 161-170. http://dx.doi.org/10.1016/0022-1759(80)90340-3



http://dx.doi.org/10.1146/annurev.arplant.48.1.223
http://dx.doi.org/10.1016/S1369-5266(03)00038-4
http://dx.doi.org/10.1111/j.1439-037X.2012.00510.x
http://dx.doi.org/10.1111/j.1399-3054.1964.tb09013.x
http://dx.doi.org/10.2307/2435353
http://dx.doi.org/10.1016/0092-8674(94)90544-4
http://dx.doi.org/10.1105/tpc.6.1.65
http://dx.doi.org/10.1093/jexbot/52.359.1179
http://dx.doi.org/10.1093/jxb/ers094
http://dx.doi.org/10.3389/fpls.2013.00179
http://dx.doi.org/10.1016/0022-1759(80)90340-3

C. B. Rajashekar, K.-H. Baek

(18]

[19]

[20]

[21]

[22]

[23]
[24]
[25]
[26]
[27]
[28]
[29]

[30]

[31]

Bradford, M.M. (1976) A Rapid and Sensitive Method for the Quantification of Microgram Quantities of Protein Uti-
lizing the Principle of Protein-Dye Binding. Analytical Biochemistry, 72, 248-254.
http://dx.doi.org/10.1016/0003-2697(76)90527-3

Chance, B. and Maehly, A.C. (1955) Assay of Catalase and Peroxidases. Methods in Enzymology, 2, 764-775.
http://dx.doi.org/10.1016/S0076-6879(55)02300-8

Nelson, D.P. and Kiesow, L.A. (1972) Enthalpy of Decomposition of Hydrogen Peroxide by Catalase at 25°C (with
Molar Coefficient of Hydrogen Peroxide Solution in the UV). Analytical Biochemistry, 49, 474-478.
http://dx.doi.org/10.1016/0003-2697(72)90451-4

Gieseking, J.E., Snider, H.J. and Getz, C.A. (1935) Destruction of Organic Matter in Plant Material by the Use of Ni-
tric and Perchloric Acids. Industrial and Engineering Chemistry-Analytical Edition, 7, 185-186.

Gay, C., Corbineau, F. and Come, D. (1991) Effects of Temperature and Oxygen on Seed Germination and Seedling
Growth in Sunflower (Helianthus annuus L.). Environmental and Experimental Botany, 31, 193-200.
http://dx.doi.org/10.1016/0098-8472(91)90070-5

Pollking, G.F., Gladon, R.J. and Koranski, D.S. (1994) Temporary Suppression of Radicle Elongation of Germinated
Impatiens Seeds by Low Oxygen Concentrations. HortScience, 29, 1031-1033.

Lehle, F.R., Zegeer, A.M. and Ahmed, O. (1991) Ethanolic Fermentation in Hypoxic Cotton Seed. Crop Science, 31,
746-750. http://dx.doi.org/10.2135/cropsci1991.0011183X003100030042x

Cobb, B.G., Drew, M.C., Andrews, D.L., James, J., MacAlpine, D.M., Danielson, T.L., Turnbough, M.A. and Davis, R.
(1995) How Maize Seeds and Seedlings Cope with Oxygen Deficit. HortScience, 30, 1160-1164.

Liu, G., Porterfield, D.M., Li, Y. and Klassen, W. (2012) Increased Oxygen Bioavailability Improved Vigor and Ger-
mination of Aged Vegetable Seeds. HortScience, 47, 1714-1721.

Lin, S.S. and Gurol, M.D. (1998) Catalytic Decomposition of Hydrogen Peroxide on Iron Oxide: Kinetics, Mechanism,
and Implications. Environmental Science and Technology, 32, 1417-1423. http://dx.doi.org/10.1021/es970648k

Monk, L.S., Braendle, R. and Crawford, R.M.M. (1987) Catalase Activity and Post-Anoxic Injury in Monocotyledon-
ous Species. Journal of Experimental Botany, 38, 233-246. http://dx.doi.org/10.1093/jxb/38.2.233

Van Toai, T.T. and Bolles, C.S. (1991) Postanoxic Injury in Soybean (Glycine max) Seedlings. Plant Physiology, 97,
588-592. http://dx.doi.org/10.1104/pp.97.2.588

Biemelt, S., Keetman, U., Mock, H.P. and Grimm, B. (2000) Expression and Activity of Isoenzymes of Superoxide
Dismutase in Wheat Roots in Response to Hypoxia and Anoxia. Plant, Cell and Environment, 23, 135-144.
http://dx.doi.org/10.1046/j.1365-3040.2000.00542.x

Puntarulo, S., Galleano, M., Sanchez, R.A. and Boveris, A. (1991) Superoxide Anion and Hydrogen Peroxide Meta-
bolism in Soybean Embryonic Axes during Germination. Biochimica et Biophysica Acta, 1074, 277-283.
http://dx.doi.org/10.1016/0304-4165(91)90164-C



http://dx.doi.org/10.1016/0003-2697(76)90527-3
http://dx.doi.org/10.1016/S0076-6879(55)02300-8
http://dx.doi.org/10.1016/0003-2697(72)90451-4
http://dx.doi.org/10.1016/0098-8472(91)90070-5
http://dx.doi.org/10.2135/cropsci1991.0011183X003100030042x
http://dx.doi.org/10.1021/es970648k
http://dx.doi.org/10.1093/jxb/38.2.233
http://dx.doi.org/10.1104/pp.97.2.588
http://dx.doi.org/10.1046/j.1365-3040.2000.00542.x
http://dx.doi.org/10.1016/0304-4165(91)90164-C

www.scirp.org

Scientific
Research

Scientific Research Publishing (SCIRP) is one of the largest Open Access journal publishers. It is
currently publishing more than 200 open access, online, peer-reviewed journals covering a wide
range of academic disciplines. SCIRP serves the worldwide academic communities and

contributes to the progress and application of science with its publication.

Other selected journals from SCIRP are listed as below. Submit your manuscript to us via either

submit@scirp.org or Online Submission Portal.

American Journal of | i <
Plant Sciences ( Applied Mathematics

Special Issue on Experimental Design!

Advances in

Bioseience and Biotechnology

. & scand

Agricultural Sciences Food and Nutrition Sciences

Special Issue on Research on Rice

Journal of Computer
and Communications

Journal of
Modern Physics Natsuglaeln -

Editor-in-Chief
Kuo-Chen Chou
s arg e



http://www.scirp.org/
http://www.scirp.org/
http://papersubmission.scirp.org/paper/showAddPaper?journalID=478&utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/ABB/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/AM/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/AJPS/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/AJAC/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/AS/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/CE/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/ENG/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/FNS/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/Health/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/JCC/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/JCT/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/JEP/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/JMP/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/ME/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/NS/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/PSYCH/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
mailto:submit@scirp.org

	Hydrogen Peroxide Alleviates Hypoxia during Imbibition and Germination of Bean Seeds (Phaseolus vulgaris L.)
	Abstract
	Keywords
	1. Introduction
	2. Materials and Methods
	2.1. Hypoxia during Imbibition and Germination
	2.2. Hydrogen Peroxide and Oxygen Concentrations in Solutions
	2.3. CAT Activity
	2.4. Aminotriazole (3-AT) Treatment
	2.5. Oxygen Evolution from Hydrogen Peroxide by Catalysts
	2.6. Data Analyses

	3. Results
	3.1. Hypoxia during Imbibition
	3.2. Hypoxia during Germination
	3.3. Hydrogen Peroxide and Dissolved Oxygen
	3.4. Catalase Activity and Transition Metal Catalysts

	4. Discussion
	5. Conclusion
	References

